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Wake-Sleep Circuitry: An Overview

Clifford B. Saper and Patrick M. Fuller
Department of Neurology, Program in Neuroscience, and Division of Sleep Medicine, Beth Israel
Deaconess Medical Center, Harvard Medical School, Boston, MA 02215

Abstract

Although earlier models of brain circuitry controlling wake-sleep focused on monaminergic and
cholinergic arousal systems, recent evidence indicates that these play mainly a modulatory role,
and that the backbone of the wake-sleep regulatory system depends upon fast neurotransmitters,
such as glutmate and GABA. We review here recent advances in understanding the role these
systems play in controlling sleep and wakefulness.

The first hypothesis about neuronal circuitry supporting wake-sleep came from the
observations of the Baron Constantin von Economo [1] in patients with the viral illness,
encephalitis lethargica in the 1920’s. He proposed a wake-promoting influence from the
brainstem that kept the forebrain awake, and a sleep-promoting influence from the anterior
hypothalamus that opposed waking drive during sleep. The wake-promoting system was
later equated with inputs from the upper brainstem reticular formation to the thalamus.

In the latter decades of the 20™ century, this hypothesis was refined. The wake-promoting
influence was thought to arise mainly from monoaminergic neurons (noradrenergic locus
coeruleus, serotonergic raphe nuclei, histaminergic tuberomammillary nucleus) and
cholinergic neurons (in the pedunculopontine and laterodorsal tegmental nuclei) in the upper
brainstem [2]. This influence was found both to innervate the thalamus (where it promoted
transfer of information to the cerebral cortex) and to pass through the more ventrally situated
hypothalamus (where it relayed information to and picked up axons from peptidergic orexin/
hypocretin arousal neurons) and the basal forebrain (once more being augmented by
cholinergic neurons) to project to the entire cerebral cortex. A sleep-promoting cell group
was meanwhile identified in the ventrolateral preoptic (VLPO) and median preoptic nuclei,
which provide GABAergic innervation of the entire wake-promoting system, thus allowing
them to inhibit arousal during sleep [3;4]. A number of reviews of these cell groups and their
interactions in regulating wake-sleep cycles have appeared in recent years [5;6], and they
will not be the focus of this review.
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Over the last 10 years, a number of new lines of investigation have indicated that this
“standard model” of wake-sleep circuitry has serious deficiencies. For example, destroying
neurons in the individual components of the ascending arousal system, including cholinergic
neurons of the basal forebrain [7], orexin or histaminergic neurons in the hypothalamus
[8;9], or locus coeruleus noradrenergic [10] or pedunculopontine tegmental cholinergic
neurons in the pons [11;12], had little effect on the daily amount of wake-sleep in rodents.
Even destroying several of these sites in the same animal (basal forebrain cholinergic,
orexin, and locus coeruleus neurons) had no clear effect on the amount of wake-sleep [13].
In addition, large lesions destroying virtually the entire thalamus in rats was shown to have
little effect on the amount of wake-sleep, or even the EEG pattern during wakefulness [7].

In contrast to the “standard model,” a new paradigm of wake-sleep circuitry has emerged in
the last few years that is based on our understanding of circuits using fast neurotransmitters
(glutamate and GABA), rather than modulatory neurotransmitters (monoamines,
acetylcholine, peptides). The ability to detect, map, and manipulate these fast
neurotransmitter circuits relies on their use of specific vesicular transporters to load them
into synaptic vesicles [14-16]. This is important because these same amino acids that are
used as neurotransmitters are used in protein biosynthesis and the molecules that synthesize
or degrade them are ubiquitous in the nervous system, whereas the ability to load these
amino acid transmitters into synaptic vesicles is now recognized as nearly synonymous with
using them for synaptic neurotransmission. Thus, neurons that contain the vesicular GABA
transporter (Vgat) reliably release GABA (or glycine, as the same vesicular transporter
handles both) and hence mark neurons as inhibitory, whereas many neurons that contain
glutamic acid decarboxylase, the enzyme that synthesizes GABA, but not Vgat may not use
GABAergic neurotransmission. The situation is similar for synaptic release of glutamate,
which requires vesicular transporters (Vgluts), although there are three different Vglut
genes. Most glutamatergic CNS neurons appear to contain only one Vglut, and very few of
these also contain Vgat (although there are exceptions, see section on supramammillary
neurons below). Deleting the Vglut or VVgat from a neuron has been shown to eliminate its
ability to use the cognate molecules for synaptic transmission [15;16]. Mice that express Cre
recombinase under the promoters for VVglut or VVgat genes can be used to manipulate the
neurons with optogenetic or chemogenetic approaches, or to trace their connections
selectively.

In the remainder of this review, we will examine briefly the evidence for the role of fast
neurotransmitters in specific wake-sleep circuits, where we have evidence that they are
necessary to maintain a normal amount and relationship of sleep and wake.

Basal forebrain arousal system

The basal forebrain (BF) contains three different sets of neurons that project directly to the
cerebral cortex: cholinergic, GABAergic, and glutamatergic[17;18]. Juxtacellular recordings
found that the cholinergic neurons were most active in wake and REM sleep, and that about
36% of GABAergic neurons had a similar activity pattern and the activity of these cells
correlated with cortical gamma oscillations, usually attributed to parvalbumin GABA
neurons in the BF. Other BF GABAergic neurons fired most rapidly during sleep. About half

Curr Opin Neurobiol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saper and Fuller

Page 3

of non-GABA, non-cholinergic cells (presumably mostly glutamatergic) fired most rapidly
during wake, but almost as many fired mainly during sleep [19]. However, it is difficult from
this approach to determine which of these neurons might drive wakefulness. The cholinergic
neurons produce the p75 nerve growth factor receptor, and can be selectively killed using
1gG192-saporin, a monoclonal antibody against that receptor linked to the cellular toxin
saporin. Lesions of these neurons alone, however, have only minimal effects on cortical EEG
(more slow wave power), and none on amount of wake-sleep [7;20]. Lesions of the non-
cholinergic neurons in the BF, using orexin-saporin, had similar lack of effect on the amount
of wake-sleep or the EEG [7]. However, large combined lesions of all cell types in the BF
using higher doses of orexin-saporin, caused a permanent high voltage, slow wave state
associated with behavioral unresponsiveness (although the animals retained the righting
reflex and showed some disorganized EMG activity). A recent study using optogenetic
activation of the three classes of BF neurons found that all three promoted wakefulness [21].
Activation of the parvalbumin-containing GABA cells in the BF increased high frequency
cortical EEG, and inhibition of them reduced high frequency cortical EEG power [22].
However, chemogentic activation of glutamatergic neurons had little effect on wake-sleep or
EEG; stimulation of cholinergic neurons reduced slow waves in the EEG but did not change
the amount of wake-sleep; and activation of GABAergic neurons strongly promoted wake
and the associated faster EEG rhythms [23;24]. Thus the BF arousal system, in particular the
GABAergic parvalbumin neurons, are critical for driving wakefulness and the associated
high frequency EEG rhythms (Fig. 1). The cholinergic neurons in the BF appear to play a
less prominent role when the parvalbumin GABA neurons are intact, but they can
compensate for loss of the GABA/parvalbumin neurons [23]. Other BF GABAergic neurons,
e.g., those containing somatostatin, appear to act as inhibitory interneurons, which reduce
the level of arousal [21].

Parabrachial and pedunculopontine glutamatergic arousal system

Retrograde tracers from the BF have consistently identified one brainstem site of input that
is not part of the classical monoaminergic ascending arousal system: glutamatergic neurons
in the parabrachial and pedunculopontine nucleus [7]. Large lesions of this area with orexin-
saporin caused a permanent high voltage, slow wave EEG, similar to the large BF lesions,
with no behavioral arousal and no EMG evidence of arousal, although the righting reflex
was intact. This system probably consists of several separate wake-promoting cell
populations, which are active under different conditions. Juxtacellular recordings from
pedunculopontine neurons have found that nearly all cholinergic neurons in this region, as
well as many glutamatergic and GABAergic neurons, are most active during wake and REM
sleep [25], although some of the latter neurons were maximally active during either wake or
REM, but not both. Neurons in the external lateral parabrachial nucleus (PBel), for example,
are known to be activated in a variety of situations signaling noxious visceral stimuli [26—
28]. These include pain, gastric stretch, as well as hypoxia or hypercarbia. They provide
heavy innervation to the lateral hypothalamus, central nucleus of the amygdala, and BF
[29;30]. Either deleting Vglut2 from these neurons or selectively Killing them with a Cre-
dependent diphtheria toxin A chain resulted in greatly diminished awakening to a CO2
stimulus during sleep, but had minimal effects on baseline wake-sleep [26]. Deletions of
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Vglut2 from the medial PB caused modest (about 20%) reductions in baseline wakefulness
and increased delta power during NREM sleep. Chemogenetic activation of the
pedunculopontine glutamatergic (possibly including an unknown number of parabrachial
neurons) has been shown to cause profound wakefulness, and inhibition to produce
increased NREM sleep [31]. Activation of cholinergic pedunculopontine neurons mainly
reduced EEG slow waves during NREM sleep, and activation of GABAergic neurons mainly
reduced REM sleep, but neither had major effects on the amount of wake-sleep.

Supramammillary glutamatergic and GABAergic arousal system

Another population of neurons that projects extensively to the BF and cerebral cortex is
found in the supramammillary area [32]. Although these neurons were identified more than
30 years ago, recent studies have demonstrated that most of these neurons contain glutamate,
and that some also contain GABA [33;34]. Supramammillary neurons that project to the
dentate gyrus of the hippocampus may release both neurotransmitters, and are thought to be
active during REM sleep [34]. However, the cortically projecting neurons are mainly just
glutamatergic, and chemogenetic activation of them strongly promotes waking [35].
Deletion of Vglut2 from these neurons causes small (15-20%) reductions in total wake time.

Lateral hypothalamic arousal and sleep systems

The lateral hypothalamic area contains two important peptidergic neuronal systems. Orexin
(hypocretin) neurons, which also are glutamatergic, fire most rapidly during active
wakefulness, and activating these neurons drives wakefulness [36;37]. Knocking out orexin
from these neurons cause narcolepsy; although this does not affect the amount of total wake
or sleep, it reduces the consolidation of both states and causes more REM sleep to occur
during the dark phase, when rodents are normally awake [38]. Although the orexin neurons
also contain glutamate, killing them by causing expression of ataxin-3 under the orexin
promoter, has no more effect on wake-sleep than deleting the orexin gene [39]. A second
peptidergic system, the melanin-concentrating hormone (MCH) neurons, also contains
Vglut2 [40]. Some of these neurons also contain glutamic acid decarboxylase, but apparently
not VVgat and they fire maximally during REM sleep [41]. Studies suggest that they may
release either glutamate or GABA, at different targets [40;42]. Recent optogenetic studies
activating the MCH neurons indicate that they promote primarily REM sleep, although they
may have some effects on promoting NREM under some circumstances too [42—44]. It is not
known whether release of MCH, glutamate, GABA or some other transmitter underlies
REM promotion. Two populations of GABAergic neurons in the lateral hypothalamus that
also cause wake have recently been described [45;46]. Optogenetic activation of a
population that is apparently in the dorsal lateral hypothalamus or zona incerta is thought to
cause wakefulness by means of projections to the reticular nucleus of the thalamus, whereas
chemogenetic activation of a GABAergic group in the ventral lateral hypothalamus causes
wake, presumably by inhibiting the VLPO.

Curr Opin Neurobiol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saper and Fuller

Page 5

Preoptic sleep-promoting neurons

Parafacial

Sleep-active neurons in the VLPO and median preoptic nuclei were identified as GABAergic
[3;4], although most of these in the ventrolateral preoptic nucleus also contain the peptide
galanin. Because lesions in the ventrolateral preoptic area cause loss of up to 40% of total
sleep in rats and mice, these neurons have been considered to be sleep-promoting. Recent
opto- and chemogenetic studies have found that activation of these neurons does indeed
induce profound increases in sleep [47]. However, it is not known whether this response is
due to GABA, galanin, or to release of some other transmitter.

zone GABAergic sleep-promoting neurons

Although literature going back to the 1960’s reported a “synchronizing” influence over the
EEG coming from the lower brainstem, there was no clear idea of how this ascending sleep-
promoting circuit was organized, nor was it clear if this influence promoted sleep. Anaclet
and colleagues were able to identify such a pathway originating from GABAergic neurons in
the parafacial zone, a region of reticular formation just ventrolateral to the genu of the facial
nerve [48]. They found that these neurons innervated and presumably inhibited the wake-
promoting parabrachial nucleus, and that their sleep-promoting activity depended on this
pathway.

Sublaterodorsal glutamatergic REM sleep generator

During the sleep bout, the brain transitions from a slow wave state to one with a faster, low
voltage EEG and loss of muscle tone. This state is associated with Rapid Eye Movements,
thus giving it the name of REM sleep. The REM state appears to be generated by a
population of glutamatergic neurons in the region just ventral to the sublaterodorsal nucleus
in rodents, or the locus coeruleus in cats [49;50]. Thus, in rodents where these neurons have
received closer study, they are called the sublaterodorsal nucleus, but in cats or humans,
what is presumably the same population is often referred to as the subcoeruleus region [51].
Sublaterodorsal neurons presumably cause motor atonia due to activation of inhibitory
interneurons in both the medulla and the spinal cord. Their mechanism for causing EEG
desynchronization is not known, although there are several nearby cell groups (parabrachial
nucleus, pedunculopontine and laterodorsal tegmental nucleus) which contain REM active
neurons and which innervate the forebrain [49;52]. The activation of eye movements is
presumed to be due to short projections to the paramedian pontine reticular formation, but
this has yet to be tested. The descending projections come primarily from the ventral part of
the sublaterodorsal nucleus. Deleting the Vglut2 gene in this area suppresses REM sleep,
whereas selective chemogenetic activation of SLD Vglut2 neurons potently drives REM
sleep [53] [54].

Ventrolateral periaqueductal gray matter REM inhibition

A main control over the sublaterodorsal REM generator apparatus is provided by inhibitory,
largely GABAergic neurons in the nearby ventrolateral periaqueductal gray matter, at the
level where the cerebral aqueduct begins to open into the fourth ventricle. Some of these
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neurons also spill out into the laterally adjacent pontine tegmentum. Lesions of these
neurons releases excess REM sleep [49] [52].

Medullary cell groups that promote REM sleep

A recent study reported a cell group in the ventral medullary tegmentum, whose optogenetic
stimulation caused REM sleep [55]. These neurons were maximally active during REM
sleep, but showed some activity during waking as well, particularly during eating and
grooming. Because the injections in the ventral medulla were large, it was not possible in
these experiments to determine their exact location. However, previous work had identified
GABAergic neurons in the ventrolateral medulla at this level that expressed cFos during
REM sleep [56], so it is possible that these were the neurons that were being activated.

In summary, the landscape for cell groups that regulate wake-sleep has expanded
dramatically over the last few years, as investigators have taken advantage of the newer
methods that allow manipulation of cell groups that use fast neurotransmitters such as
GABA and glutamate. The backbone of the systems that promote arousal and REM sleep
appear to employ primarily these two fast neurotransmitters, whereas NREM sleep-
promoting cell groups and those that inhibit REM generally have been found to use GABA
as a neurotransmitter to inhibit arousal and REM-promoting systems. These fast
neurotransmitter systems may interact with the classical monoaminergic modulatory systems
in a variety of ways, including presynaptic modulation of transmitter release as well as
modulating the activity of target neurons (e.g., in the cerebral cortex). Hence, absence of a
modulatory system may have minimal effects on baseline wake-sleep, but may result in
failure of the wake-sleep system to adjust to unusual conditions (e.g., a novel stimulus that
requires wakefulness during the wrong circadian phase) [10]. The challenge for the next
decade will be to uncover how these newly identified components work together and with
the modulatory systems to regulate sleep and wakefulness.
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Highlights

. Glutamatergic neurons in the parabrachial nucleus provide main ascending
arousal influence from the brainstem.

. GABAergic neurons in the brainstem provide the main ascending arousal
influence from the forebrain.

. GABAergic neurons in the preoptic area and parafacial zone inhibit the
arousal system to cause sleep.
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Figure 1.
A diagram summarizing the fast neurotransmitter systems that appear to play the largest role

in promoting wakefulness, based on results of lesions and opto- and chemogenetic excitation
and inhibition. Note that the monoaminergic, cholinergic, and peptidergic neurons in the
brainstem and hypothalamus, which were prominent in earlier models, are here shown in
brown as they appear to play a modulatory role, but lesions in these locations have little
effect on wake-sleep amounts. The backbone of the arousal system in this model, shown in
red, is the glutamatergic input from the parabrachial nucleus (PB) and pedunculopontine
tegmental nucleus (PPT) to the basal forebrain, and the GABAergic and cholinergic neurons
in the basal forebrain (BF) that diffusely innervate the cerebral cortex. Lesions at these sites
cause complete loss of consciousness, whereas lesions of supramammillary (SUM)
glutamatergic neurons or dopaminergic (DA) neurons in the ventral periaqueductal gray
matter (VPAG) near the dorsal raphe nucleus cause about a 20% loss of wake time. In
addition, two populations of GABAergic neurons in the lateral hypothalamus (LH), shown in
purple, have recently been proposed to promote wakefulnes by inhibiting sleep promoting
neurons in the thalamus and preoptic area. Abbreviations: 5SHT, serotonin; Ach,
acetylcholine; Hist, histamine; LC, locus coeruleus; LDT, laterodorsal tegmental nucleus
NA, noradrenlaine; ORX, orexin; TMN, tuberomammillary nucleus Modified with
permission from [2].
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Figure 2.
A diagram summarizing the fast neurotransmitter systems that contribute to sleep promotion

(shown in purple). Ventrolateral preoptic (VLPO) and median preoptic (MnPO) GABAergic
neurons send axons to most components of the arousal system (shown in red, yellow, and
green), and are thought to inhibit them in a coordinated fashion. Parafacial zone (PFZ)
GABAergic neurons in the medulla induce sleep mainly by inhibiting the parabrachial
glutamatergic arousal neurons. Melanin-concentrating hormone (MCH) neurons in the
lateral hypothalamus contain both GABA and glutamate, and may be able to release them at
different terminal sites. They innervate neurons in the brainstem that control REM sleep (see
text for details). Other abbreviations as in Fig. 1. Modified with permission from [2].

Curr Opin Neurobiol. Author manuscript; available in PMC 2018 June 01.



	Abstract
	Basal forebrain arousal system
	Parabrachial and pedunculopontine glutamatergic arousal system
	Supramammillary glutamatergic and GABAergic arousal system
	Lateral hypothalamic arousal and sleep systems
	Preoptic sleep-promoting neurons
	Parafacial zone GABAergic sleep-promoting neurons
	Sublaterodorsal glutamatergic REM sleep generator
	Ventrolateral periaqueductal gray matter REM inhibition
	Medullary cell groups that promote REM sleep
	References
	Figure 1
	Figure 2



