
Section II: Cellular and Molecular Dissection of The Orexin System

Abstract
During the last decade, optogenetic-based circuit mapping has become one of the most common ap-

proaches to systems neuroscience, and amassing studies have expanded our understanding of brain 

structures causally involved in the regulation of sleep-wake cycles. Recent imaging technologies enable 

the functional mapping of cellular activity, from population down to single-cell resolution, across a 

broad repertoire of behaviors and physiological processes, including sleep-wake states. This chapter 

summarizes experimental evidence implicating hypocretins/orexins, melanin-concentrating hormone, 

and inhibitory neurons from the lateral hypothalamus (LH) in forming an intricate network involved in 

regulating sleep and metabolism, including feeding behaviors. It further confirms the dual sleep-met-

abolic functions of LH cells, and sheds light on a possible mechanism underlying brain plasticity during 

sleep and metabolic disorders. © 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

Sleep is a primary and essential biological need for higher vertebrates, and sleep-like states 
have been demonstrated in lower vertebrates [1]. While the functions of sleep are still a 
matter of debate and may include memory consolidation, brain clearance, and brain plas-
ticity [2], the basic neurobiological mechanisms controlling sleep-wake architecture and 
sleep functions remain largely unknown. In mammals, there are three vigilance states – 
i.e., wakefulness, non-rapid eye movement (NREM) sleep (or slow-wave sleep), and rapid 
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eye movement (REM) sleep (or paradoxical sleep) – characterized by differences in elec-
troencephalogram (EEG), electromyogram (EMG), and electrooculogram (EOG) re-
cordings, fluctuation of brain and body physiological parameters (e.g., temperature, 
heart rate, breathing) and typical behavioral manifestations. Polysomnography of the 
waking state is characterized by high-frequency (40–300 Hz), low-amplitude (desyn-
chronized) EEG activity, sustained EMG activity and ocular movements; NREM sleep is 
characterized by low-frequency (0.5–4 Hz), high-amplitude (synchronized) EEG oscilla-
tions, low EMG activity without ocular movement; and REM sleep is defined by pre-
dominant 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.

The periodic cycling through sleep-wake states relies on a balance between sleep-pro-
moting areas (such as the anterior hypothalamus) and arousal systems, located in the pos-
terior hypothalamus, the basal forebrain, and the brainstem [3–6]. Activity in the latter 
correlates with wakefulness and states of enhanced arousal, such as alertness or stress, but 
decreases during sleep (Fig. 1). These arousal systems classically include a distinct neuronal 
population that produces and releases a complex set of neurotransmitters and neuropep-
tides/modulators, including norepinephrine, dopamine [7], histamine, acetylcholine, sero-
tonin [8, 9] and hypocretins/orexins (HCRT/OX). Studies have identified a series of neu-
ronal populations throughout the brain that produce and release classical neurotransmit-
ters (GABA, glutamate) implicated in wake control [4–6]. Importantly, optogenetic 
activation of HCRT/OX neurons induced sleep-to-wake transitions from both NREM and 
REM sleep [10], through activation of downstream targets, including locus coeruleus neu-
rons from the brainstem [11]. Using opto- or chemo-genetic strategies, the causal involve-
ment of the aforementioned circuits in the control of wakefulness was confirmed, and 
wake-promoting systems were extended to dopaminergic neurons from the ventral teg-
mental area (VTA)[7] and the dorsal raphe [12], neurons located in the supramammillary 
nuclei [13], the external lateral parabrachial nuclei [14, 15], the pedunculopontine tegmen-
tal nuclei producing GABA, glutamate or acetylcholine [16], dopamine D1 receptor (D1R)-
expressing neurons – co-releasing GABA – in the nucleus accumbens [17], and GABAergic 
neurons from the superior colliculus [18]. It is important to note that, despite the high de-
gree of redundancy in promoting onset and maintenance of wakefulness, these neural cir-
cuits support a variety of arousal-related functions, including attention, anxiety, and stress. 

A common feature of these circuits is their widespread ascending projections to the 
basal forebrain, brainstem, thalamus, neocortex, and hippocampus, where their activity 
contributes to the high-frequency gamma and low-frequency theta rhythmic activity, typ-
ical of wakefulness [19], while their descending projections modulate physiological activ-
ity (e.g., somatosensory and motor systems). Hence, these studies collectively emphasize 
a much more complex mechanism of wakefulness control than previously thought, in-
volving multiple circuits and heterogenous subpopulations of neurons. Interestingly, the 
same statement is supported by amassing observations of brain circuits implicated in 
NREM and REM sleep (see below).
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At the onset of NREM sleep, the modulatory influence of wake-promoting systems 
onto subcortical and cortical neuronal populations progressively decreases concomitant-
ly to the increased activity of sleep-promoting systems located in the anterior hypothala-
mus, basal forebrain, and brainstem (Fig. 1). Original studies using anatomical and func-
tional retrograde and anterograde tract-tracing studies indicated that ventrolateral preop-
tic nucleus (VLPO) and median preoptic nucleus (MnPo) neurons are synaptically 
connected with, and fire in, a reciprocal pattern (i.e., opposite) to wake-active neurons. 
These neurons were later found to comprise multiple subpopulations amongst inhibitory 
neurons of the anterior hypothalamus that exert a strong inhibitory tone onto wake-active 
areas of the brain during NREM, as compared to waking [20–24]. Their opto-/chemoge-
netic activation induced NREM sleep, possibly through an inhibition of wake-active neu-
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Fig. 1. Cortical and subcortical sleep-wake circuits. Schematic representation of sleep-wake cycle in 
mammals. Spontaneous (black) and pathological (red, narcolepsy) state transitions are indicated by ar-
rows. Neuronal substrates (associated with specific state of vigilance are listed for wakefulness (green), 
NREM (light blue), and REM sleep (dark blue). Neuronal populations identified in 2020 using optogenet-
ics are indicated in grey. See main text for functional description of the nuclei. A2AR, adenosine A2A re-
ceptor; BF, basal forebrain; DA, dopamine; DMH, dorsomedial hypothalamus; DPGi, dorsal paragigan-
tocellular reticular nucleus; DRN, dorsal raphe nucleus; LC, locus coeruleus; LH, lateral hypothalamus; 
LTD/PPT, laterodorsal/pedunculopontine tegmentum nuclei; MD-Thal, mediodorsal thalamus; N. Acc, 
nucleus accumbens; Occ. Nucl., occular nuclei; PBN, parabrachial nucleus; PFZ, parafacial zone; PPT, 
pedunculopontine tegmentum; RMTg, rostromedial tegmental nucleus; SC, superior colliculus; SLD, 
sub-laterodorsal nucleus; SuM, supramammillary nucleus; TMN, tuberomamillary nucleus; VLPO, ven-
trolateral preoptic area; VMP, ventromedulla pontine nucleus; VTA, ventrotegmental area; VlPAG, ven-
trolateral periaqueductal gray; ZI, zona incerta. 
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rons, including histamine neurons. Interestingly, activation of these subpopulations leads 
to a variable decrease of body temperature and metabolism, ultimately resulting in a hi-
bernation-like phenomenon [22]. This sleep-temperature response belongs to the physi-
ological changes in the brain and the body that occur at sleep-onset in natural conditions 
and question the role of hypothalamic neurons as the unique substrate for NREM sleep 
in the mammalian brain (see below).

In addition, recent causal evidence indicates that extra-hypothalamic neuron popula-
tions located in the neocortex [25], neurons from the nucleus accumbens (adenosine A2A 
receptor, A2AR) [26], GABAergic neurons from the parafacial zone [27], neurotensiner-
gic neurons from the midbrain [28], and GABAergic neurons of the ventral medial mid-
brain/pons [29], as well as some excitatory neurons from the perioculomotor nuclei [24], 
zona incerta [30], preoptic area-projecting galanin-expressing GABAergic neurons in the 
dorsomedial hypothalamus (DMH) [31], somatostatin-positive (SOM+) GABAergic neu-
rons [32], neurons from the midbrain rostromedial tegmental nucleus (RMTg) nuclei 
[33], as well as striatal A2AR neurons/external globus pallidus parvalbumin neurons in-
volved in adenosine-induced sleep [34], and medio-dorsal thalamic cells [35], were all 
found to facilitate NREM sleep with variable latencies. 

Transitions to REM sleep complete the sleep-wake cycle [36]. REM sleep is character-
ized by rapid eye movements, muscle atonia, and prominent theta rhythm originating 
from the hippocampus [37]. Pioneer studies [38] initially located the REM sleep 
“generator(s)” within the pons, where reciprocal inhibition between neurons in the oralis 
pontine and sublaterodorsal nuclei (REM-ON) and ventrolateral periaqueductal gray/
lateropontine tegmentum (REM-OFF) were hypothesized to gate REM sleep (Fig.  1). 
More recently, neurons producing the neurotransmitters GABA and glutamate have been 
integrated into the brainstem circuitry critical for the onset of REM sleep [33]. Impor-
tantly, the activity of neurons outside the brainstem also correlates with REM sleep state 
[19, 39], including neurons located in the anterior and lateral [40–43] parts of the hypo-
thalamus. In particular, neurons expressing the peptide melanin-concentrating hormone 
(MCH) have been the first to be identified as constituting a REM sleep circuit in the lat-
eral hypothalamus (LH) [43–46]. 

Additional neurons implicated in brain activity typical of REM sleep, including theta 
rhythm [47] and eye movement [48], have been identified. For instance, septo-hippocam-
pal structures were demonstrated to mediate theta oscillations that promote sleep-depen-
dent contextual memory consolidation [47]. Neurons in the medio-dorsal thalamus [35] 
and cortical structures including the claustrum and the retrosplenial cortex [49] were 
found to be specifically active during REM sleep. Yet, whether these cells are implicated 
in the onset, maintenance, or termination of REM sleep, rather than its neurophysiologi-
cal function, remains unclear.
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Beyond Sleep-Wake Circuits

Beside these wake-, NREM- and REM-controlling circuits, a considerable number of neu-
rons exhibit various changes of activity, including subthreshold fluctuation of resting 
membrane potentials, high firing activity, or transient quiescence during sleep. In this 
context, whether cells, or neural circuits, are implicated in sleep architecture or sleep 
function(s), or both, remains to be determined.

In the hypothalamus, inhibitory neurons expressing the vesicular GABA and glycine 
transporter (LHVGAT) show the highest activity during wakefulness and REM sleep [42], 
suggesting a contribution of (REM) sleep-dependent neuronal activity to hypothalamic 
functions during wake. Here, we summarize recent work investigating the role of  
LHHCRT/OX, LHMCH and LHVGAT neurons in sleep and wakefulness, as well as in goal-
directed behaviors, including food intake. Based on our latest findings, we will propose 
a possible role of the dual activity of LH inhibitory neurons during feeding behaviors 
and REM sleep and discuss how REM sleep may consolidate the encoding of goal-ori-
ented behaviors in the hypothalamus.

LHHCRT/OX, LHMCH, and LHVGAT Neurons in Sleep and Metabolism

The LH is a phylogenetically conserved structure in the vertebrate brain that is critical for 
energy homeostasis, stress response, and goal-oriented behaviors [50]. It plays a key role 
in integrating hormonal, metabolic, circadian, and motivational signals into coherent be-
haviors to adapt to an ever-changing environment [51]. These adaptive behaviors also 
include sleep-wake states. 

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) [52] and electrophysiological fingerprints [53, 
54]. Those include vesicular glutamate transporter (VGLUT), VGAT, glutamic acid de-
carboxylase (GAD), neuropeptide Y (NPY), pro-opiomelanocortins (POMC), substance 
P, dynorphin, nesfatin-1, cocaine and amphetamine-regulated transcripts (CART), hista-
mine, HCRT/OX, MCH, and dopamine (the A11 cell group). These neuronal populations 
form an intricate local network of excitatory and inhibitory cells, each of which has a spe-
cific role in hypothalamic physiological functions. In addition, these populations send 
widespread projections, often throughout the entire brain, to modulate adaptive behav-
ioral responses.

Electrophysiological recordings of non-overlapping HCRT and MCH neurons, or 
VGAT and VGLUT neurons, showed that each of these subgroups exhibit typical state-
dependent activity across the sleep-wake cycle [41, 42, 55, 56]. Single-cell electrophysio-
logical recordings of unspecified neurons in the LH concluded that most of the neurons 
were either mostly active during wakefulness, during REM sleep, or during both, but qui-
escent during NREM sleep [55, 56]. In the following section, we will summarize the circuit 
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properties and physiological functions of the main LH cell types, discussing their activity 
profiles during the different sleep-wake states.

HCRT/OX Neurons
The firing rate of orexin-expressing neurons is highest during active waking or hunger 
and lowest during NREM and REM sleep and sated states [57–59]. Consistent with this 
finding, HCRT/OX peptides strongly promote arousal stability and reward [60], and in-
duce feeding [60], although González et al. [61] showed that HCRT/OX ablation also in-
duced feeding. This was originally evidenced by the discovery of the absence of HCRT/
OX gene transcripts in the brain of human subjects with narcolepsy/cataplexy, and further 
established a role for HCRT/OX system (i.e., peptides, cell, and both receptors) in “bound-
ary state control” – i.e., the inability to consolidate periods of wakefulness or sleep [6]. 
Whether, and how, the lack of HCRT/OX system results in cataplexy, sleep fragmentation, 
and other symptoms of narcolepsy – hypnagogic hallucinations, sleep-onset REM epi-
sodes (SOREMs) – awaits further experimental investigations. 

MCH Neurons
The firing rate of MCH-expressing neurons is highest during REM sleep, and lowest dur-
ing wakefulness and NREM sleep [41]. Accordingly, the MCH peptide was first identified 
as a feeding-promoting peptide that also dampens energy expenditure [62]. Optogenetic 
activation of MCH neurons reverses the natural preference for sucrose over sucralose 
[63], suggesting that MCH neurons participate in sensing the nutritional value of sugar. 
The sleep-inducing properties of the MCH peptide, in particular REM sleep, was evi-
denced by pharmacological infusion of the peptide in several brain areas and the expres-
sion of the immediate-early gene c-fos – i.e., marker of neuronal activity – during the re-
bound of REM sleep in MCH neurons [40]. Opto-/pharmaco-genetic activation of MCH 
neurons increased NREM-to-REM sleep transitions and stabilized REM sleep [43, 45, 46], 
whereas ablation of MCH neurons by cell-specific expression of diphtheria toxin A in-
creased wakefulness and decreased NREM sleep duration [44]. Non-state-dependent ac-
tivation (i.e., random activation) of these cells also increased the amount of NREM sleep 
[41, 43, 46]. Recently, MCH neurons have also been associated with the expression of 
REM sleep when ambient temperature rises [64]. 

VGAT/VGLUT2 Neurons
LH neurons co-express neurotransmitters together with neuropeptides. As such, larger 
populations of excitatory (e.g., the VGLUT type 2-expressing LH neurons, LHVGLUT2) and 
inhibitory (e.g., LHVGAT or LHGAD1,2) neuronal population encompass neurons express-
ing HCRT/OX and MCH peptides, respectively, although some MCH neurons express 
VGLUT2 [65, 66]. In combination with peptide-specific neuron subpopulations, the 
study of these larger populations may provide important information on LH physiology. 

The firing rate of inhibitory VGAT-expressing (LHVGAT) neurons is high during wake-
fulness, in particular during initiation of actions leading to retrieval and consumption of 
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rewards, and REM sleep, while activity is lowest during NREM sleep [42, 67]. In 2016, we 
showed that LHVGAT neurons show a transient increase in firing rate during transitions 
from NREM sleep to wakefulness, suggestive of a wake-promoting role [68]. Accordingly, 
optogenetic stimulation of LHVGAT, or their projection in the reticular thalamus nucleus, 
induced a rapid transition to wakefulness during NREM, but not REM, sleep [68]. Con-
sistent with this finding, chemogenetic activation of LHVGAT cells, using the excitatory 
DREADDs (designer receptors exclusively activated by a designer drug) promoted wake-
fulness, whereas chemogenetic inhibition, or their optogenetic silencing, prolonged sleep 
duration [67], possibly through their inhibition of sleep-promoting neurons located in 
VLPO [67].

Interestingly, during an operant feeding task, LHVGAT neurons clustered either into 
those regulating appetitive (“food approach”) or into those regulating consummatory 
(“food intake”) aspects of feeding behavior [69]. High LHVGAT activity was also observed 
during reinforcement learning [70, 71] and learning cue-reward associations [72]. This is 
in line with the increase in food consumption and conditioned place-preference induced 
by their optogenetic activation, or the opposite responses observed upon optogenetic si-
lencing [69, 72, 73]. This role was further confirmed in an open-field task where gamma 
phase-locked activity, a computational method suggesting information transfer, between 
the lateral septum and LHVGAT cells was found to promote the food zone entry but not 
food consumption [74]. This is consistent with the finding that optogenetic stimulations 
at frequencies ∼ 5 Hz strongly drives food consumption, while higher frequency stimula-
tion preferentially facilitates motivational behaviors, including optical self-stimulation 
[73].

The firing rate of excitatory VGLUT2-expressing (LHVGLUT2) neurons, some of which 
may include HCRT/OX neurons [65], across sleep-wake states has not been extensively 
studied but may have opposite functions to LHVGAT neurons [42]. Activity of LHVGLUT2 
neurons has been associated with aversive [75] and escape behaviors [76] or with the con-
sumption of a liquid sucrose reward in a satiety-dependent manner [77]. Optogenetic 
activation of LHVGLUT2 neurons in food-deprived subjects induced place aversion and 
decreased food intake, whereas their inhibition had the opposite effect, possibly through 
dense projections to the lateral habenula [78], or VTA [72]. These behavioral responses 
directly depended on the metabolic status of the animal [75]. 

Collectively, these studies provide a global perspective on how distinct LHHCRT/OX, 
LHMCH, LHVGLUT2, and LHVGAT cell types coordinate apparently antagonistic functions 
[79]. Yet, the reason for the dual activation of some of these circuits during both wake and 
REM sleep remains unclear because they are thought to belong to the executive circuits 
controlling the sleep-wake states, and in particular REM sleep, rather than the function(s) 
of sleep. However, causal approaches have not yet completely confirmed this hypothesis. 
In the next section, we will summarize our experimental data suggesting that the activity 
of LHVGAT neurons during REM sleep, for instance, is essential for the proper mainte-
nance of feeding behavior. 
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Fig. 2. Feeding is reliably encoded by LHVGAT neurons. a Schematic (left) showing LH injection of Cre-
dependent AAV in vgat-IRES-Cre mice. Following cre-dependent local virus transfection, the GCaMP6s 
cassette is flipped in LHVGAT allowing transcription and long-term expression in the LH (bottom). Illus-
tration of the chronic GRIN lens implantation and imaging using a miniature fluorescence microscope 
in freely moving mice (right). b Photomicrograph of cell-specific expression of GCaMP6s in the LH from 
vgat-IRES-Cre mice 4 weeks after virus injection (left). Right panel shows enlargement of the white box 
highlighted in left panel. LH, lateral hypothalamus; ZI, zona incerta; fx, fornix; ic, internal capsule. Scale 
bars: 500 (left) and 50 µm (right). c Representative field of view from imaging of LHVGAT neurons with 
the miniature microscope (left). Bright cellular structures and dark blood vessels are readily visible. Ar-
rows indicate the body axes (A-P, anterior-posterior, M-L, medial-lateral). Cells were identified using the 
CNMF-E algorithm (right). The single cell activity was longitudinally recorded across multiple experi-
mental sessions. Scale bar: 100 µm. d Experimental timeline. White and dark boxes represent light and 
dark phase, respectively. e An open-field arena was divided into four quadrants which contained either 
food, bedding or nesting material or were left empty. Animals were video-tracked and feeding (purple, 
left), food approach (red, middle) and non-feeding (orange, right) behaviors were visually scored. f Rep-
resentative recording of calcium transients from GCaMP6-expressing LHVGAT cell across feeding behav-
ior (color-coded, top) acquired at 10 frames per second. 8 single-cell recordings are shown (black, bot-
tom). g Mean ± SEM cell activity (normalized ΔF/F) of GCaMP6s-expressing LHVGAT neurons within the 
different clusters. The pie chart summarizes the classification (n = 489 cells from 5 animals, top). Two-
way repeated measures ANOVA followed by Tukey’s post hoc test, *** p < 0.001. h, i Mean ± SEM cell 
activity (normalized ΔF/F) of LHVGAT neurons over consecutive feeding (h) or food approach (i) bouts by 
functional cluster (n = 489 cells from 5 animals). Straight lines indicate significant linear regressions ± 
95% confidence interval with slope α for different clusters. Note that the activity of food approach-max 
neurons in (i) shows a rapid exponential decay with half-life τ. * p < 0.05, *** p < 0.001. Reproduced with 
permission under the Creative Commons Attribution License 4.0 (CC BY) (https://creativecommons.
org/licenses/by/4.0/) from Oesch et al. [82].
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LHVGAT, Sleep-Wake States, and Food Intake

The hypothalamus likely plays a role in the “sleep-metabolism” association because it con-
tains neuronal circuits implicated in sleep-wake control and goal-oriented behaviors [79–
81]. As described above, LHVGAT cells are active during awake goal-directed behavior and 
REM sleep. Whether these cells belong to similar, or distinct, clusters and, whether the 
same neurons are actually active during feeding, wakefulness and REM sleep was unclear, 
raising the central question as to whether LHVGAT cells contribute to “sleep architecture” 
or “sleep functions,” or both.

In a 2020 study, we took advantage of longitudinal imaging of calcium transients in 
single LHVGAT cells using microendoscopic technologies in freely-moving mice as a 
model to understand the contribution of REM sleep to hypothalamic control of food 
intake [82]. At the single-cell level, we identified functional clusters amongst LHVGAT 
neurons with maximal activity during “food approach,” “feeding” or “non-feeding” be-
haviors, consistent with previous reports [69]. We showed that these clusters progres-
sively changed over successive feeding bouts; while the activity of “feeding” LHVGAT 
neurons progressively decreased across consecutive feeding bouts, the activity of “non-
feeding” LHVGAT neurons increased, suggesting a rapid adaptation of LHVGAT neurons 
during ongoing motivational or homeostatic drives (Fig. 2) [82]. At the same time, the 
representation of feeding behavior at the population level remained remarkably stable. 
Next, we recorded the activity of the same cells across the different sleep-wake states. 
Consistent with a previous study [42], we observed that the activity of LHVGAT neurons 
was strongly modulated across sleep-wake states. Longitudinal imaging revealed two 
predominant functional clusters of “wake” and “REM” active cells amongst LHVGAT 
neurons (Fig. 3) [82]. 

Comparing the classification of LHVGAT neurons during feeding behaviors and REM 
sleep revealed a large overlap between the feeding-maximally (feeding-max) activated and 
REM-active neurons, showing that more than 40% of the feeding neurons were reacti-
vated during REM sleep (Fig. 4a) [82]. The intimate link between feeding-max neurons 
and REM sleep was further confirmed by our finding that their activity was significantly 
higher during REM sleep than during NREM sleep or wakefulness.

Applying optogenetic silencing of LHVGAT neurons selectively during REM sleep sig-
nificantly reduced food intake during a subsequent wakefulness period, whereas similar 
silencing experiments during wakefulness had no effect on feeding behavior (Fig. 4b–g). 
This decreased feeding was associated with a reorganization of the activity of the LHVGAT 
neuron population during feeding and food approach that likely reflects a partial remap-
ping of the previously existing clusters. 

Collectively, these results suggest that REM sleep stabilizes the hypothalamic represen-
tation of feeding behavior and modulates future food intake. This may represent a cellular 
mechanism to anticipate future metabolic challenges by optimizing cellular representa-
tion of behaviors during sleep.
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Perspectives

Here, we reviewed some important implications of LHHCRT/OX, LHMCH, LHVGLUT2, and 
LHVGAT neurons in sleep-wake control and goal-oriented behaviors, with an emphasis on 
their modulation of food intake. LHHCRT/OX and LHMCH neurons have opposite functions 
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on sleep-wake states and metabolic rate; however, their role on food intake remains  
controversial depending on the species, techniques and behavioral paradigm used. Yet, 
LHVGLUT2 and LHVGAT encode food intake and possibly aversion, though the latter remains 
to be confirmed. Thus, it appears that the dissection of their contribution to sleep-wake or 
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Reproduced with permission under the Creative Commons Attribution License 4.0 (CC BY) (https://
creativecommons.org/licenses/by/4.0/) from Oesch et al. [82].
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metabolism is limited by their dual roles in more than one physiological function con-
trolled by the LH that may have direct implications in both sleep and metabolic diseases. 

Together, with previous reports implicating LHVGAT neurons in arousal [68], our study 
suggests that local activity in hypothalamic circuits during REM sleep may not necessar-
ily contribute to the architecture of the sleep-wake cycle, but rather to the optimization of 
information encoding during that state [82]. Thus, one can speculate that while the activ-
ity of “sleep architecture” neurons correlates with particular sleep states, its manipulation 
(with opto-/pharmacogenetics) alters the architecture of the sleep-wake cycle (onset, 
maintenance, or termination) with various efficacy (latencies, transient effect, etc.), de-
pending on experimental procedures. On the other hand, “sleep function” neurons are 
predominantly active during a given sleep state but may show a non-negligible activity 
during other states. Importantly, changes in the activity of these neurons do not necessar-
ily alter sleep architecture (e.g., onset, maintenance, or termination of a particular state, 
NREM-REM cycling, etc.) but rather brain function associated with this sleep-dependent 
activity. 

Interestingly, optogenetic perturbation of this REM sleep reactivation of LHVGAT cells 
led to a long-lasting decrease in food intake associated with a reorganization of the LH 
neuronal network supporting food intake. In some ways, this is reminiscent of the reacti-
vation of cortical or hippocampal neuronal assemblies during NREM and REM sleep and 
the stabilization of internal representation of spatial environment [83–85], reward learn-
ing [86, 87], and contextual novelty [47, 88]. Indeed, disruption of these reactivation pat-
terns by electrical or optogenetic closed-loop stimulation selectively, during sharp-wave 
ripples in NREM sleep, impairs memory consolidation of recently acquired behavior [88, 
89]. Furthermore, the neurobiological mechanisms underlying memory consolidation 
during REM sleep are less well understood and may include place cell replay [84] or theta 
phase- and amplitude-dependent processes [47, 83]. However, this REM sleep reactiva-
tion of inhibitory LH neurons may differ from the classical hippocampus-dependent 
memory consolidation that is thought to incorporate novel, but not familiar, experience 
into mnemonic traces during NREM sleep [88, 89]. Indeed, our findings suggest that dai-
ly adaptations during feeding behaviors may be updated during REM sleep to optimize 
the intrinsic representation of feeding behavior and a constant optimization of the behav-
ioral command. Accordingly, we speculate that a daily update would represent an ideal 
mechanism to revert day-to-day adaptative changes of LHVGAT neuron activity patterns 
similar to what have been observed during REM sleep modulation of hippocampal neu-
rons [90] or prefrontal network excitability [91]. 

Collectively, this chapter emphasizes an implication of LH neurons in more than one 
biological function, as was suggested by the modulation of food intake, wakefulness, 
arousal, and stress for LHHCRT/OX neurons in the mammalian brain. As shown here for the 
LHVGAT neurons, such dual implications may lead to an unsuspected role. Therefore, a 
systematic probing of the role of LHHCRT/OX and LHMCH in multiple physiological tasks is 
warranted to unravel their integrative functions and their cross talk with other local LH 
cells types, such as excitatory and inhibitory LH neurons. 

Steiner MA, Yanagisawa M, Clozel M (eds): The Orexin System. Basic Science and Role in Sleep Pathology. Front Neurol 
Neurosci. Basel, Karger, 2021, vol 45, pp 75–90 (DOI: 10.1159/000514966)



Sleep and Metabolism 87

Key Take-Home Points

• LHHCRT/OX and LHMCH have opposite functions on sleep-wake control and metabo-
lism.

• Other local excitatory and inhibitory neurons are active during both food intake and 
REM sleep.

• REM reactivation of food-active LH inhibitory neurons is essential to maintain food 
intake.

Acknowledgments

The authors thank all members of the Tidis Lab and the Department of Neurology at the Inselspital 
University Hospital Bern, The University of Bern through the Interfaculty Research Cooperation 
on “Sleep and Health” for helpful discussions on the topic of this chapter.

Conflict of Interest Statement 

A.R.A. received consultancy fees from Idorsia Pharmaceuticals Ltd. during the development of this 
book, and part of his activity is currently under a research agreement with F. Hoffmann-La Roche 
Ltd.

Funding Sources

For the work described in this chapter, A.R.A. was supported by the Human Frontier Science Pro-
gram, Inselspital University Hospital of Bern, Swiss National Science Foundation, European Re-
search Council, SNSF-Sinergia, the University of Bern, and the Inselspital University Hospital Bern. 

Author Contributions

Both authors were involved in the development and review of the chapter, approved the final ver-
sion to be published and take responsibility for all aspects of the work.

References

 1 Anafi RC, Kayser MS, Raizen DM: Exploring phylogeny 
to find the function of sleep. Nat Rev Neurosci 2019; 20: 

109–116.
 2 Rasch B, Born J: About sleep’s role in memory. Physiol 

Rev 2013; 93: 681–766.
 3 Pace-Schott EF, Hobson JA: The neurobiology of sleep: 

genetics, cellular physiology and subcortical networks. 
Nat Rev Neurosci 2002; 3: 591–605.

 4 Weber F, Dan Y: Circuit-based interrogation of sleep 
control. Nature 2016; 538: 51–59.

 5 Fort P, Bassetti CL, Luppi PH: Alternating vigilance 
states: new insights regarding neuronal networks and 
mechanisms. Eur J Neurosci 2009; 29: 1741–1753.

 6 Saper CB, Fuller PM, Pedersen NP, Lu J, Scammell TE: 
Sleep state switching. Neuron 2010; 68: 1023–1042.

Steiner MA, Yanagisawa M, Clozel M (eds): The Orexin System. Basic Science and Role in Sleep Pathology. Front Neurol 
Neurosci. Basel, Karger, 2021, vol 45, pp 75–90 (DOI: 10.1159/000514966)



88 Oesch/Adamantidis

 7 Eban-Rothschild A, Rothschild G, Giardino WJ, Jones 
JR, de Lecea L: VTA dopaminergic neurons regulate 
ethologically relevant sleep-wake behaviors. Nat Neuro-
sci 2016; 19: 1356–1366.

 8 Kocsis B, Varga V, Dahan L, Sik A: Serotonergic neuron 
diversity: identification of raphe neurons with discharg-
es time-locked to the hippocampal theta rhythm. Proc 
Natl Acad Sci USA 2006; 103: 1059–1064.

 9 Sakai K: Sleep-waking discharge profiles of dorsal raphe 
nucleus neurons in mice. Neuroscience 2011; 197: 200–
224.

10 Adamantidis AR, Zhang F, Aravanis AM, Deisseroth K, 
de Lecea L: Neural substrates of awakening probed with 
optogenetic control of hypocretin neurons. Nature 2007; 

450: 420–424.
11 Carter ME, Brill J, Bonnavion P, Huguenard JR, Huerta 

R, de Lecea L: Mechanism for hypocretin-mediated 
sleep-to-wake transitions. Proc Natl Acad Sci USA 2012; 

109:E2635-E2644.
12 Cho JR, Treweek JB, Robinson JE, Xiao C, Bremner LR, 

Greenbaum A, et al: Dorsal raphe dopamine neurons 
modulate arousal and promote wakefulness by salient 
stimuli. Neuron 2017; 94: 1205–1219.e8.

13 Pedersen NP, Ferrari L, Venner A, Wang JL, Abbott 
SBG, Vujovic N, et al: Supramammillary glutamate neu-
rons are a key node of the arousal system. Nat Commun 
2017; 8: 1405.

14 Kaur S, Wang JL, Ferrari L, Thankachan S, Kroeger D, 
Venner A, et al: A genetically defined circuit for arousal 
from sleep during hypercapnia. Neuron 2017; 96: 1153–
1167.e5.

15 Qiu MH, Chen MC, Fuller PM, Lu J: Stimulation of the 
pontine parabrachial nucleus promotes wakefulness via 
extra-thalamic forebrain circuit nodes. Curr Biol 2016; 

26: 2301–2312.
16 Kroeger D, Ferrari LL, Petit G, Mahoney CE, Fuller PM, 

Arrigoni E, et al: Cholinergic, glutamatergic, and GA-
BAergic neurons of the pedunculopontine tegmental 
nucleus have distinct effects on sleep/wake behavior in 
mice. J Neurosci 2017; 37: 1352–1366.

17 Luo YJ, Li YD, Wang L, Yang SR, Yuan XS, Wang J, et al: 
Nucleus accumbens controls wakefulness by a subpopu-
lation of neurons expressing dopamine D(1) receptors. 
Nat Commun 2018; 9: 1576.

18 Zhang Z, Liu WY, Diao YP, Xu W, Zhong YH, Zhang JY, 
et al: Superior colliculus GABAergic neurons are essen-
tial for acute dark induction of wakefulness in mice. 
Curr Biol 2019; 29: 637–644.e3.

19 Steriade M, McCormick DA, Sejnowski TJ: Thalamocor-
tical oscillations in the sleeping and aroused brain. Sci-
ence 1993; 262: 679–685.

20 Chung S, Weber F, Zhong P, Tan CL, Nguyen TN, Beier 
KT, et al: Identification of preoptic sleep neurons using 
retrograde labelling and gene profiling. Nature 2017; 

545: 477–481.
21 Kroeger D, Absi G, Gagliardi C, Bandaru SS, Madara JC, 

Ferrari LL, et al: Galanin neurons in the ventrolateral 
preoptic area promote sleep and heat loss in mice. Nat 
Commun 2018; 9: 4129.

22 Takahashi TM, Sunagawa GA, Soya S, Abe M, Sakurai 
K, Ishikawa K, et al: A discrete neuronal circuit induces 
a hibernation-like state in rodents. Nature 2020; 583: 

109–114.
23 Zhang Z, Ferretti V, Güntan İ, Moro A, Steinberg EA, Ye 

Z, et al: Neuronal ensembles sufficient for recovery sleep 
and the sedative actions of α2 adrenergic agonists. Nat 
Neurosci 2015; 18: 553–561.

24 Zhang Z, Zhong P, Hu F, Barger Z, Ren Y, Ding X, et al: 
An excitatory circuit in the perioculomotor midbrain 
for non-REM sleep control. Cell 2019; 177: 1293–1307.
e16.

25 Morairty SR, Dittrich L, Pasumarthi RK, Valladao D, 
Heiss JE, Gerashchenko D, et al: A role for cortical 
nNOS/NK1 neurons in coupling homeostatic sleep drive 
to EEG slow wave activity. Proc Natl Acad Sci USA 2013; 

110: 20272–20277.
26 Oishi Y, Xu Q, Wang L, Zhang BJ, Takahashi K, Takata 

Y, et al: Slow-wave sleep is controlled by a subset of nu-
cleus accumbens core neurons in mice. Nat Commun 
2017; 8: 734.

27 Anaclet C, Griffith K, Fuller PM: Activation of the GA-
BAergic parafacial zone maintains sleep and counteracts 
the wake-promoting action of the psychostimulants 
armodafinil and caffeine. Neuropsychopharmacology 
2018; 43: 415–425.

28 Zhong P, Zhang Z, Barger Z, Ma C, Liu D, Ding X, et al: 
Control of non-REM sleep by midbrain neurotensiner-
gic neurons. Neuron 2019; 104: 795–809.e6.

29 Takata Y, Oishi Y, Zhou XZ, Hasegawa E, Takahashi K, 
Cherasse Y, et al: Sleep and wakefulness are controlled 
by ventral medial midbrain/pons GABAergic neurons in 
mice. J Neurosci 2018; 38: 10080–10092.

30 Liu K, Kim J, Kim DW, Zhang YS, Bao H, Denaxa M, et 
al: Lhx6-positive GABA-releasing neurons of the zona 
incerta promote sleep. Nature 2017; 548: 582–587.

31 Chen KS, Xu M, Zhang Z, Chang WC, Gaj T, Schaffer 
DV, et al: A hypothalamic switch for REM and non-
REM sleep. Neuron 2018; 97: 1168–1176.e4.

32 Xu M, Chung S, Zhang S, Zhong P, Ma C, Chang WC, et 
al: Basal forebrain circuit for sleep-wake control. Nat 
Neurosci 2015; 18: 1641–1647.

33 Yang SR, Hu ZZ, Luo YJ, Zhao YN, Sun HX, Yin D, et al: 
The rostromedial tegmental nucleus is essential for non-
rapid eye movement sleep. PLoS Biol 2018; 16:e2002909.

34 Yuan XS, Wang L, Dong H, Qu WM, Yang SR, Cherasse 
Y, et al: Striatal adenosine A(2A) receptor neurons con-
trol active-period sleep via parvalbumin neurons in ex-
ternal globus pallidus. Elife 2017; 6:e29055.

35 Gent TC, Bandarabadi M, Herrera CG, Adamantidis AR: 
Thalamic dual control of sleep and wakefulness. Nat 
Neurosci 2018; 21: 974–984.

36 Jouvet M: Research on the neural structures and respon-
sible mechanisms in different phases of physiological 
sleep (in Italian). Arch Ital Biol 1962; 100: 125–206.

37 Adamantidis AR, Gutierrez Herrera C, Gent TC: Oscil-
lating circuitries in the sleeping brain. Nat Rev Neurosci 
2019; 20: 746–762.

38 Luppi PH, Peyron C, Fort P: Not a single but multiple 
populations of GABAergic neurons control sleep. Sleep 
Med Rev 2017; 32: 85–94.

Steiner MA, Yanagisawa M, Clozel M (eds): The Orexin System. Basic Science and Role in Sleep Pathology. Front Neurol 
Neurosci. Basel, Karger, 2021, vol 45, pp 75–90 (DOI: 10.1159/000514966)



Sleep and Metabolism 89

39 Lőrincz ML, Gunner D, Bao Y, Connelly WM, Isaac JT, 
Hughes SW, et al: A distinct class of slow (∼0.2–2 Hz) 
intrinsically bursting layer 5 pyramidal neurons deter-
mines UP/DOWN state dynamics in the neocortex. J 
Neurosci 2015; 35: 5442–5458.

40 Verret L, Goutagny R, Fort P, Cagnon L, Salvert D, Léger 
L, et al: A role of melanin-concentrating hormone pro-
ducing neurons in the central regulation of paradoxical 
sleep. BMC Neurosci 2003; 4: 19.

41 Hassani OK, Lee MG, Jones BE: Melanin-concentrating 
hormone neurons discharge in a reciprocal manner to 
orexin neurons across the sleep-wake cycle. Proc Natl 
Acad Sci USA 2009; 106: 2418–2422.

42 Hassani OK, Henny P, Lee MG, Jones BE: GABAergic 
neurons intermingled with orexin and MCH neurons in 
the lateral hypothalamus discharge maximally during 
sleep. Eur J Neurosci 2010; 32: 448–457.

43 Jego S, Glasgow SD, Herrera CG, Ekstrand M, Reed SJ, 
Boyce R, et al: Optogenetic identification of a rapid eye 
movement sleep modulatory circuit in the hypothala-
mus. Nat Neurosci 2013; 16: 1637–1643.

44 Tsunematsu T, Ueno T, Tabuchi S, Inutsuka A, Tanaka 
KF, Hasuwa H, et al: Optogenetic manipulation of activ-
ity and temporally controlled cell-specific ablation re-
veal a role for MCH neurons in sleep/wake regulation. J 
Neurosci 2014; 34: 6896–6909.

45 Vetrivelan R, Kong D, Ferrari LL, Arrigoni E, Madara 
JC, Bandaru SS, et al: Melanin-concentrating hormone 
neurons specifically promote rapid eye movement sleep 
in mice. Neuroscience 2016; 336: 102–113.

46 Konadhode RR, Pelluru D, Blanco-Centurion C, Zay-
achkivsky A, Liu M, Uhde T, et al: Optogenetic stimula-
tion of MCH neurons increases sleep. J Neurosci 2013; 

33: 10257–10263.
47 Boyce R, Glasgow SD, Williams S, Adamantidis A: Caus-

al evidence for the role of REM sleep theta rhythm in 
contextual memory consolidation. Science 2016; 352: 

812–816.
48 Herrera CG, Girard F, Bilella A, Gent TC, Roccaro-

Waldmeyer DM, Adamantidis A, et al: Neurons in the 
nucleus papilio contribute to the control of eye move-
ments during REM sleep. Nat Commun 2019; 10: 5225.

49 Renouard L, Billwiller F, Ogawa K, Clément O, Camargo 
N, Abdelkarim M, et al: The supramammillary nucleus 
and the claustrum activate the cortex during REM sleep. 
Sci Adv 2015; 1:e1400177.

50 Stuber GD, Wise RA: Lateral hypothalamic circuits for 
feeding and reward. Nat Neurosci 2016; 19: 198–205.

51 Bernardis LL, Bellinger LL: The lateral hypothalamic 
area revisited: neuroanatomy, body weight regulation, 
neuroendocrinology and metabolism. Neurosci Biobe-
hav Rev 1993; 17: 141–193.

52 Bonnavion P, Mickelsen LE, Fujita A, de Lecea L, Jack-
son AC: Hubs and spokes of the lateral hypothalamus: 
cell types, circuits and behaviour. J Physiol 2016; 594: 

6443–6462.
53 Karnani MM, Szabó G, Erdélyi F, Burdakov D: Lateral 

hypothalamic GAD65 neurons are spontaneously firing 
and distinct from orexin- and melanin-concentrating 
hormone neurons. J Physiol 2013; 591: 933–953.

54 Burdakov D, Gerasimenko O, Verkhratsky A: Physiolog-
ical changes in glucose differentially modulate the excit-
ability of hypothalamic melanin-concentrating hor-
mone and orexin neurons in situ. J Neurosci 2005; 25: 

2429–2433.
55 Alam MN, Gong H, Alam T, Jaganath R, McGinty D, 

Szymusiak R: Sleep-waking discharge patterns of neu-
rons recorded in the rat perifornical lateral hypothalam-
ic area. J Physiol 2002; 538(Pt 2): 619–631.

56 Koyama Y, Takahashi K, Kodama T, Kayama Y: State-
dependent activity of neurons in the perifornical hypo-
thalamic area during sleep and waking. Neuroscience 
2003; 119: 1209–1219.

57 Mileykovskiy BY, Kiyashchenko LI, Siegel JM: Behav-
ioral correlates of activity in identified hypocretin/orex-
in neurons. Neuron 2005; 46: 787–798.

58 González JA, Iordanidou P, Strom M, Adamantidis A, 
Burdakov D: Awake dynamics and brain-wide direct 
inputs of hypothalamic MCH and orexin networks. Nat 
Commun 2016; 7: 11395.

59 Schöne C, Venner A, Knowles D, Karnani MM, Burda-
kov D: Dichotomous cellular properties of mouse orex-
in/hypocretin neurons. J Physiol 2011; 589(Pt 11): 2767–
2779.

60 Sakurai T: The role of orexin in motivated behaviours. 
Nat Rev Neurosci 2014; 15: 719–731.

61 González JA, Jensen LT, Iordanidou P, Strom M, Fugger 
L, Burdakov D: Inhibitory interplay between orexin 
neurons and eating. Curr Biol 2016; 26: 2486–2491.

62 Pissios P, Maratos-Flier E: Melanin-concentrating hor-
mone: from fish skin to skinny mammals. Trends Endo-
crinol Metab 2003; 14: 243–248.

63 Domingos AI, Sordillo A, Dietrich MO, Liu ZW, Tellez 
LA, Vaynshteyn J, et al: Hypothalamic melanin concen-
trating hormone neurons communicate the nutrient 
value of sugar. Elife 2013; 2:e01462.

64 Komagata N, Latifi B, Rusterholz T, Bassetti CLA, Ada-
mantidis A, Schmidt MH: Dynamic REM sleep modula-
tion by ambient temperature and the critical role of the 
melanin-concentrating hormone system. Curr Biol 
2019; 29: 1976–1987.e4.

65 Mickelsen LE, Bolisetty M, Chimileski BR, Fujita A, Bel-
trami EJ, Costanzo JT, et al: Single-cell transcriptomic 
analysis of the lateral hypothalamic area reveals molecu-
larly distinct populations of inhibitory and excitatory 
neurons. Nat Neurosci 2019; 22: 642–656.

66 Chee MJ, Arrigoni E, Maratos-Flier E: Melanin-concen-
trating hormone neurons release glutamate for feedfor-
ward inhibition of the lateral septum. J Neurosci 2015; 

35: 3644–3651.
67 Venner A, Anaclet C, Broadhurst RY, Saper CB, Fuller 

PM: A novel population of wake-promoting GABAergic 
neurons in the ventral lateral hypothalamus. Curr Biol 
2016; 26: 2137–2143.

68 Herrera CG, Cadavieco MC, Jego S, Ponomarenko A, 
Korotkova T, Adamantidis A: Hypothalamic feedfor-
ward inhibition of thalamocortical network controls 
arousal and consciousness. Nat Neurosci 2016; 19: 290–
298.

Steiner MA, Yanagisawa M, Clozel M (eds): The Orexin System. Basic Science and Role in Sleep Pathology. Front Neurol 
Neurosci. Basel, Karger, 2021, vol 45, pp 75–90 (DOI: 10.1159/000514966)



90 Oesch/Adamantidis

69 Jennings JH, Ung RL, Resendez SL, Stamatakis AM, 
Taylor JG, Huang J, et al: Visualizing hypothalamic net-
work dynamics for appetitive and consummatory be-
haviors. Cell 2015; 160: 516–527.

70 Sharpe MJ, Marchant NJ, Whitaker LR, Richie CT, 
Zhang YJ, Campbell EJ, et al: Lateral hypothalamic GA-
BAergic neurons encode reward predictions that are 
relayed to the ventral tegmental area to regulate learn-
ing. Curr Biol 2017; 27: 2089–2100.e5.

71 Otis JM, Zhu M, Namboodiri VMK, Cook CA, Kosyk O, 
Matan AM, et al: Paraventricular thalamus projection 
neurons integrate cortical and hypothalamic signals for 
cue-reward processing. Neuron 2019; 103: 423–431.e4.

72 Nieh EH, Vander Weele CM, Matthews GA, Presbrey 
KN, Wichmann R, Leppla CA, et al: Inhibitory input 
from the lateral hypothalamus to the ventral tegmental 
area disinhibits dopamine neurons and promotes be-
havioral activation. Neuron 2016; 90: 1286–1298.

73 Barbano MF, Wang HL, Morales M, Wise RA: Feeding 
and reward Are differentially induced by activating GA-
BAergic lateral hypothalamic projections to VTA. J Neu-
rosci 2016; 36: 2975–2985.

74 Carus-Cadavieco M, Gorbati M, Ye L, Bender F, van der 
Veldt S, Kosse C, et al: Gamma oscillations organize 
top-down signalling to hypothalamus and enable food 
seeking. Nature 2017; 542: 232–236.

75 Jennings JH, Rizzi G, Stamatakis AM, Ung RL, Stuber 
GD: The inhibitory circuit architecture of the lateral 
hypothalamus orchestrates feeding. Science 2013; 341: 

1517–1521.
76 Li Y, Zeng J, Zhang J, Yue C, Zhong W, Liu Z, et al: Hy-

pothalamic circuits for predation and evasion. Neuron 
2018; 97: 911–924.e5.

77 Rossi MA, Basiri ML, McHenry JA, Kosyk O, Otis JM, 
van den Munkhof HE, et al: Obesity remodels activity 
and transcriptional state of a lateral hypothalamic brake 
on feeding. Science 2019; 364: 1271–1274.

78 Stamatakis AM, Van Swieten M, Basiri ML, Blair GA, 
Kantak P, Stuber GD: Lateral hypothalamic area gluta-
matergic neurons and their projections to the lateral 
habenula regulate feeding and reward. J Neurosci 2016; 

36: 302–311.
79 Adamantidis A, de Lecea L: Sleep and metabolism: 

shared circuits, new connections. Trends Endocrinol 
Metab 2008; 19: 362–370.

80 Arrigoni E, Chee MJS, Fuller PM: To eat or to sleep: that 
is a lateral hypothalamic question. Neuropharmacology 
2019; 154: 34–49.

81 Herrera CG, Ponomarenko A, Korotkova T, Burdakov 
D, Adamantidis A: Sleep & metabolism: The multitask-
ing ability of lateral hypothalamic inhibitory circuitries. 
Front Neuroendocrinol 2017; 44: 27–34.

82 Oesch LT, Gazea M, Gent TC, Bandarabadi M, Gutierrez 
Herrera C, Adamantidis AR: REM sleep stabilizes hypo-
thalamic representation of feeding behavior. Proc Natl 
Acad Sci USA 2020; 117: 19590–19598.

83 Poe GR, Nitz DA, McNaughton BL, Barnes CA: Experi-
ence-dependent phase-reversal of hippocampal neuron 
firing during REM sleep. Brain Res 2000; 855: 176–180.

84 Louie K, Wilson MA: Temporally structured replay of 
awake hippocampal ensemble activity during rapid eye 
movement sleep. Neuron 2001; 29: 145–156.

85 Peyrache A, Khamassi M, Benchenane K, Wiener SI, 
Battaglia FP: Replay of rule-learning related neural pat-
terns in the prefrontal cortex during sleep. Nat Neurosci 
2009; 12: 919–926.

86 McNamara CG, Tejero-Cantero Á, Trouche S, Campo-
Urriza N, Dupret D: Dopaminergic neurons promote 
hippocampal reactivation and spatial memory persis-
tence. Nat Neurosci 2014; 17: 1658–1660.

87 Singer AC, Frank LM: Rewarded outcomes enhance re-
activation of experience in the hippocampus. Neuron 
2009; 64: 910–921.

88 van de Ven GM, Trouche S, McNamara CG, Allen K, 
Dupret D: Hippocampal offline reactivation consoli-
dates recently formed cell assembly patterns during 
sharp wave-ripples. Neuron 2016; 92: 968–974.

89 Maingret N, Girardeau G, Todorova R, Goutierre M, 
Zugaro M: Hippocampo-cortical coupling mediates 
memory consolidation during sleep. Nat Neurosci 2016; 

19: 959–964.
90 Grosmark AD, Buzsáki G: Diversity in neural firing dy-

namics supports both rigid and learned hippocampal 
sequences. Science 2016; 351: 1440–1443.

91 Watson BO, Levenstein D, Greene JP, Gelinas JN, Buzsá-
ki G: Network homeostasis and state dynamics of neo-
cortical sleep. Neuron 2016; 90: 839–852.

Antoine R. Adamantidis
University of Bern
Department of Neurology, Inselspital University Hospital Bern
Freiburgstrasse 18, CH–3010 Bern (Switzerland)
antoine.adamantidis @ dbmr.unibe.ch

Steiner MA, Yanagisawa M, Clozel M (eds): The Orexin System. Basic Science and Role in Sleep Pathology. Front Neurol 
Neurosci. Basel, Karger, 2021, vol 45, pp 75–90 (DOI: 10.1159/000514966)


