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Abstract: General anesthesia has been successfully used in clinics for over 170 years, but its mech-
anisms of effect remain unclear. Behaviorally, general anesthesia is similar to sleep as it produces a
reversible transition between wakefulness and the state of being unaware of one’s surroundings. A

discussion regarding the common circuits of sleep and general anesthesia has been ongoing as an
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increasing number of sleep-arousal regulatory nuclei are reported to participate in the consciousness
shift occurring during general anesthesia. Recently, with progress in research technology, both posi-

tive and negative evidence for overlapping neural circuits between sleep and general anesthesia has
DOI: emerged. This article provides a review of the latest evidence on the neural substrates for sleep and

10.2174/1570159X19666211214144639

general anesthesia regulation by comparing the roles of pivotal nuclei in sleep and anesthesia.
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1. INTRODUCTION

Modern anesthesia serves millions of surgical patients
worldwide every year. However, the underlying mechanisms
of general anesthesia remain understudied and unclear. The
most marked feature of general anesthesia is the reversible
loss of consciousness. In fact, there are only two approaches
that can reversibly change the consciousness of creatures in
nature. One is natural sleep, and the other is general anesthe-
sia. These two processes have many similarities in terms of
behavior and electroencephalogram (EEG) patterns. An in-
crease in slow-delta (0.1-4 Hz) oscillations during sleep on-
set was observed in the anesthetic stage induced by propofol,
sevoflurane, and dexmedetomidine. However, how sequen-
tial loss and recovery of consciousness occur following the
administration of anesthesia remains unclear.

Arousal was previously considered a passive procedure
after adequate sleep (i.e., when the sleep pressure was wiped
away). As for emergence from anesthesia, this has also been
considered a passive process opposite to anesthesia induction
(i.e., when the concentration of general anesthesia is de-
creased). However, passive recovery after anesthesia is in-
sufficient to elucidate the mechanism of neurological disor-
ders occurring after anesthesia, such as agitation, delirium,
and cognitive dysfunction. In the past decades, the “flip-
flop” theory of sleep mechanisms has supported the mecha-
nism of active arousal, suggesting that some nuclei that pro-
mote sleep are activated during sleep induction, whereas
nuclei that actively promote wakefulness are activated when
arousal begins. Sleep-promoting neurons and wake- promot-
ing neurons are mutually antagonistic (i.e., these neurons
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inhibit each other) and, therefore, build up a sleep-arousal
circuit. Since the emergence of the “flip-flop” theory in sleep
studies, an increasing number of sleep-arousal-mediating
nuclei have been validated in regulating general anesthesia.
Moreover, there has been growing interest in investigating
whether general anesthesia-induced consciousness transi-
tions share neural circuits with natural sleep. Answering this
question could not only provide new insights into the mech-
anisms of consciousness shifts but could also help discover
novel neural targets for developing sleep-like anesthetics.

Among those nuclei which mediate sleep or anesthesia
procedures, the preoptic area (POA) is the key structure of
the sleep-promoting circuit and is widely studied for its
common mechanism of both sleep and general anesthesia.
Besides, basal forebrain (BF), lateral hypothalamic area
(LHA), ventral tegmental area (VTA), and locus coeruleus
(LC) are recognized as the sub-cortical arousal-mediating
centers, which have been confirmed for their regulatory role
in the sleep-arousal and anesthesia-arousal transitions, re-
spectively. Recently, several brain areas have been newly
found to be modulatory in consciousness transitions caused
by sleep or anesthesia, such as the parabrachial nucleus
(PBN), dorsal raphe nucleus (DRN), tuberomammillary nu-
cleus (TMN), central medial thalamus (CMT), and certain
cortical areas. Here, we review the latest evidence of these
nuclei and their circuits in regulating the mechanism of sleep
and general anesthesia (Fig. 1).

2. PREOPTIC AREA

POA has long been considered a significant hub for sleep
generation. POA is located in the anterior hypothalamus and
spatially divided into the lateral preoptic area (LPO), the
ventrolateral preoptic area (VLPO, core), the ventromedial

© 2022 Bentham Science Publishers
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Fig. (1). Long projections of brain areas implicated in the regulation of sleep / anesthesia-arousal transitions. A-E: Sleep / anesthesia-arousal
related efferents of POA, BF, LHA, VTA, LC. F: Reciprocal connections among POA, BF, LHA, VTA, LC. POA: preoptic area; BF: basal
forebrain; LHA: lateral hypothalamus; VTA: ventral tegmental area; LC: locus coeruleus. PBN: parabrachial nucleus; DRN: dorsal raphe
nucleus; TMN: tuberomammillary nucleus; CMT: central medial thalamus. @: excitation; ©: inhibition. (4 higher resolution/colour version

of this figure is available in the electronic copy of the article).

preoptic area (VMPO), and the median preoptic area
(MnPO) [1]. The neuronal subtype of VLPO has been well
studied and mainly includes GABAergic and galaninergic
neurons [2]. Recent single-cell RNA-sequencing techniques
have revealed that POA has a rather high heterogeneity be-
yond traditional neuronal classifications. By analyzing ap-
proximately 1 million POA cells, 43 clusters within inhibito-
ry neurons and 23 subpopulations within excitatory neurons
are reported [3]. These clusters are characterized by distinct
neuromodulatory signatures and spatial distributions in the
POA. In addition to neuronal heterogeneity, the POA also
diversely projects inhibitory innervations to the arousal-
promoting nuclei, including the noradrenergic LC, the do-
paminergic ventral tegmental area (VTA), the histaminergic
TMN, acetylcholine in the pontine, the serotonergic dorsal
and median raphe nuclei, the perifornical LHA, BF, and the
PBN [4].

POA has been studied as a ‘sleep center’ for a long time.
Early research on the role of the POA reported that broad
activation of the POA by electrical stimulation resulted in the
rapid onset of sleep [5]. Of note, sleep-active neurons have
particularly high densities in the VLPO and MnPO. Selective
VLPO lesions drastically induced insomnia in both clinical
and animal experiments [4]. Severe lesions of the central

VLPO caused a substantial decrease in delta power and a
50% decrease in both the non-rapid-eye-movement (NREM)
sleep time and the rapid-eye-movement (REM) sleep [6].
GABAergic neurons in the VLPO are mostly NREM- and
REM-active and are considered key triggers for promoting
NREM and turning off wake-promoting neurons during
NREM. GABAergic neurons in the MnPO are activated just
prior to the onset of sleep, and the discharges of which are
increased during sleep, suggesting a role in sleep initiation
[7]. Chemogenetic stimulation of MnPO GABAergic neu-
rons modulated sleep-wake architecture by increasing the
NREM sleep time and decreasing the REM duration, where-
as the wake time was not altered [8]. Galaninergic neurons, a
small proportion of GABAergic neurons expressing galanin,
also promote sleep. Galanin gene knockouts led to missing
sleep rebound following sleep deprivation by medication and
physical methods [9]. Chemogenetic activation of gal-
aninergic neurons substantially increases NREM sleep [10].
Unexpectedly, recent studies have reported that optogenetic
activation of galaninergic neurons at 8§ Hz promotes wake-
fulness, while low-frequency (1-4 Hz) promotes sleep, indi-
cating that the sleep regulatory effect of galaninergic neurons
depends on the frequency of stimulation [10].
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POA also plays an important role in general anesthesia.
Isoflurane directly activates VLPO neurons in vitro, and
propofol anesthesia or pentobarbital at a sedative dose signif-
icantly increases the expression of c-Fos in VLPO neurons
[11]. Local administration of GABA receptor agonists in
VLPO shortens the propofol-induced LORR and prolongs
the RORR [12]. It has been observed that selective knockout
of the vesicular GABA transporter gene (vgat) in the POA
slowed the transition to sedation immediately after dexme-
detomidine administration, but the mice were sedated 30 min
after injection; this indicates that POA GABAergic neurons
were necessary for the rapid induction of dexmedetomidine
sedation but not sedative maintenance [13].

Given its pivotal role in sleep, POA has always been con-
sidered a typical target to study the overlapping mechanisms
of sleep and anesthesia. Zhang et al. [13] used TetTagging
with DREADD pharmacogenetics (TetTag-DREADD) to
specifically label the POA neurons activated during dexme-
detomidine sedation or deep sleep. Reactivation of genetical-
ly tagged POA neurons (especially the LPO neurons) follow-
ing dexmedetomidine-induced sedation rendered the mice
entering an NREM-sleep-like state, suggesting that sleep
shares similar mechanisms and circuitry for the preoptic area
with dexmedetomidine-induced sedation [13]. Mice without
galaninergic neurons due to a gene-editing virus in the
VLPO showed impairment of sleep homeostasis during sleep
recovery after sleep deprivation and a decrease in the delta
wave power of EEG; this was incapable of inducing delta
waves following dexmedetomidine administration, indicating
that sleep and dexmedetomidine require the involvement of
POA [14]. Furthermore, activation of POA tachykinin 1
(Tac-1) neurons promoted and stabilized wake from NREM
and REM sleep and showed reduced sensitivity to isoflurane
anesthesia and an easier emergence from isoflurane and
sevoflurane anesthesia [15]. Although this result was contra-
ry to the previous finding that POA Tacl neurons promoted
NREM sleep [16], it provided more evidence for POA neu-
rons mediating both sleep and anesthesia.

The hypothesis of joint POA circuits for sleep and gen-
eral anesthesia has been challenged in the past few years.
Eikermann et al. [17] reported in 2011 that the VLPO neu-
ronal ablation-induced sleep loss sensitized animals to isoflu-
rane anesthesia. Although the cumulative sleep loss was
strongly related to the high sensitivity to anesthesia in this
study, the number of remaining post-lesion VLPO neurons
was not significantly correlated with the latency to loss of
the righting reflex or to the onset time of slow-wave activity,
potentially suggesting that sleep debt induced by VLPO neu-
ronal loss (but not VLPO neurons themselves) are required
for isoflurane anesthesia [17]. Recently, Vaninier al. [8]
found that chemogenetic activation of MnPO GABAergic
neurons increased total time spent in NREM sleep, and
chemogenetic activation of VLPO glutamatergic neurons
produced a substantial increase in wakefulness duration and
a reduction in time spent in both NREM and REM sleep.
However, neither activation of MnPOGABAergic neurons
nor VLPO glutamatergic neurons altered the anesthetic state
transitions induced by isoflurane, strongly contradicting the
“sharing hypothesis.” The discrepancy among previous re-
ports on the common target of POA for sleep and anesthesia
could be due to experimental techniques as well as the heter-
ogeneity of the POA cells.
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3. BASAL FOREBRAIN

BF participates in the regulation of multiple brain func-
tions, such as sleep-wake regulation, attention, learning, and
sensory processing. Three main neuronal subtypes (glutama-
tergic, GABAergic, and cholinergic neurons, in descending
order of quantity) spatially intermingled within the BF,
which consists of the vertical and horizontal limbs of the
diagonal band (VDB and HDB), medial septum (MS), the
substantia innominate (SI), and the magnocellular preoptic
nucleus (MCPO) [18, 19]. Extensive studies have been per-
formed to delineate the role of connections within these neu-
ronal subtypes and their long projections in the regulation of
sleep and wakefulness [4].

During sleep-wake cycles, the activities of cholinergic
and glutamatergic neurons are increased during the wake and
REM sleep stages, as indicated by firing rates and calcium
signals [20, 21]. Various neuronal subtypes of GABAergic
neurons display distinct neuronal activities. Although par-
valbumin (PV)-positive GABAergic neurons show similar
patterns to cholinergic and glutamatergic neurons during
wakefulness and REM activity, a subpopulation of somato-
statin (SST)-positive GABAergic neurons shows increased
activity during NREM stages [21].

Optogenetic stimulation of cholinergic neurons in the BF
can induce cortical activation and rapid transitions from
NREM sleep to wakefulness or REM sleep [21-23]. Activa-
tion of BF glutamatergic neurons also potently induces a
transition from NREM sleep to wakefulness even at a higher
efficiency [21]. However, chemogenetic manipulation of
these neurons yields only slight alterations in the total time
spent in each state, thereby highlighting the contribution of
these neurons to cortical desynchronization and state consol-
idation (rather than a simple wake-promoting effect) [24,
25]. Overall activation of BF GABAergic neurons causes a
prolonged duration of wakefulness and a shortened time du-
ration of NREM and REM sleep [25], but different subtypes
show wide discrepancies. Selective activation of PV-
expressing GABAergic neurons causes rapid but brief arous-
als and high-frequency cortical oscillations [21, 26], which
have been suggested to mediate arousal responses to sensory
stimuli [27]. In contrast, SST-expressing GABAergic neu-
rons, which have been shown to contain at least two hetero-
geneous subtypes, may exert a moderate inhibitory effect on
wakefulness [18, 21, 28].

The regulatory effect of BF on sleep and wakefulness
largely depends on the reciprocal connectivity within the
cholinergic, glutamatergic, and GABAergic neurons and
their long-range projections [19, 29, 30]. Electrophysiologi-
cal studies have suggested that BF glutamatergic neurons
excite local cholinergic and PV-expressing GABAergic neu-
rons and that cholinergic neurons also excite nearby PV-
expressing GABAergic neurons, thus forming a hierarchical
excitatory microcircuit; this may partially mediate the strong
wake-promoting effect of glutamatergic neurons [21]. Le-
sions within local BF cholinergic neurons barely impede
glutamatergic neurons from robustly promoting wakefulness,
indicating the involvement of long-range projections [31]. In
addition, an opto-dialysis study showed that infusion of cho-
linergic antagonists within the BF could prevent the wake-
promoting effect of activation of BF cholinergic neurons
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[32], indicating the involvement of local non-cholinergic
neurons in the cholinergic regulation of sleep and wakeful-
ness. Therefore, excitation of neighboring PV-expressing
GABAergic neurons might mediate the wake-promoting
effects of cholinergic neurons [32, 33]. In contrast, local in-
hibition of the other three types of wake-promoting neurons
in the BF endows SST-expressing neurons with NREM-
promoting potency [21].

In addition to local connections, BF glutamatergic neu-
rons are known to have dense projections to several distant
brain regions associated with sleep-wake control, including
VTA, the central amygdala (CeA), LHA, and the lateral
habenula (LHb) [19, 29]. Activation of projections from cho-
linergic neurons to several cortical regions produces desyn-
chronized cortical states [34, 35], but optical stimulation of
cholinergic fibers in the thalamic reticular nucleus (TRN)
yields the opposite effect of promoting and stabilizing
NREM sleep [36], suggesting that long-range cholinergic
projections to different brain regions might play distinct
functional roles. PV-expressing GABAergic neurons directly
innervate neocortical interneurons to regulate fast cortical
rhythms in terms of gamma frequency [26, 37-39], but
whole-brain mapping of BF PV-expressing GABAergic neu-
rons reveals extensive subcortical projections, including to
the striatum, pallidum, LHA, and LHb [19, 29]; this may
mediate the regulation of behavioral states and cortical oscil-
lations. Distant areas innervated by SST-expressing neurons,
including LHA, LHb, and VTA, may also be potential tar-
gets for sleep-promoting effects [29]. BF is involved in the
regulation of sleep homeostasis [40]. Increased extracellular
adenosine in the BF mediates accumulated sleep pressure
following prolonged wakefulness [41], and activation of BF
glutamatergic and cholinergic neurons contributes to an in-
crease in adenosine [20].

Isoflurane anesthesia significantly decreases the acetyl-
choline efflux originating from the BF in the cortical areas
[42], whereas BF cholinergic neurons increase their dis-
charge rate during cortical activation [43]. Cholinergic ac-
tivation of the cortex through muscarinic mechanisms dis-
rupts slow rhythms in anesthetized animals [44], suggesting
the involvement of BF cholinergic systems in the regula-
tion of general anesthesia. Recent studies with calcium im-
aging have further confirmed the inhibition of BF neuronal
activity during general anesthesia [45, 46]. In addition,
non-specific lesions of the BF and immunological or elec-
trolytic depletion of BF cholinergic neurons both potentiate
anesthetic effects and prolong emergence from general an-
esthesia [45, 47, 48]. Additionally, genetic lesions within
BF cholinergic neurons increase anesthetic potency, while
chemogenetic or optogenetic activation of genetically de-
fined BF cholinergic neurons reduces sensitivity to anes-
thetics, verifying the causal role of BF cholinergic neurons
in the regulation of general anesthesia [46]. In addition,
microinjection of orexin, histamine, or norepinephrine into
the BF induces cortical activation, facilitates emergence
from anesthesia, and elicits behavioral arousal [49-54].
Activation of orexinergic terminals from LH exerts a simi-
lar effect of facilitating recovery from general anesthesia
[55], suggesting that BF is a mediator of the neuropeptider-
gic modulation of general anesthesia.
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Potentiation of GABA, receptors underlies the mecha-
nisms of most general anesthetics [56, 57]. Electrophysiolog-
ical studies have found that propofol could decrease the ex-
citability of both BF cholinergic and glutamatergic neurons
by influencing the GABA,4 receptor without affecting gluta-
mate transmission [58, 59], and that inhibition of BF through
the infusion of the GABA, receptor agonist modulates anes-
thetic sensitivity, frontal cortex delta activity, and emergence
from general anesthesia [45, 60]. However, it is intriguing
that isoflurane significantly increases glutamate efflux and
decreases GABA efflux in the BF [42], suggesting the possi-
bility of a bidirectional mechanism of general anesthesia.

4. LATERAL HYPOTHALAMIC AREA

The hypothalamus is one of the most phylogenetically
conserved areas in the vertebrate brain, reflecting its key role
in maintaining physiological and behavioral homeostasis.
The LHA, as the center for coordinating the sleep-wake
state, eating, energy balance, and motivational behaviors,
displays significant neuronal heterogeneity [61]. Single-cell
sequencing identified neurons in the LHA into 15 subtypes
of glutamatergic neurons and 15 subtypes of GABAergic
neurons, both of which express known or novel cell markers
[62].

A group of glutamatergic neurons expressing orexin
(hypocretin, Hert) is strictly located in the perifornical area
of the LHA and dorsomedial hypothalamus (DMH) but is
projected to most brain regions. Orexinergic neurons exert a
strong arousal-promoting effect through orexinergic signal-
ing. The orexinergic system contains two peptides, orexin-A
(OA) and orexin B (OB), and two receptors, orexin receptor
1 (OxR1) and orexin receptor 2 (OxR2).

The Orx1 receptor prefers to bind to OA, but Orx2 binds
to OA and OB with similar high affinities [63]. The concen-
tration of orexin in the CSF increases during wakefulness
and decreases during sleep [64]. Accordingly, orexinergic
neurons fire most rapidly during active wakefulness, become
less active during wakefulness, and become silent during
NREM and REM sleep. In addition, loss of orexin function
could cause narcolepsy, with symptoms of excessive daytime
sleepiness. Intracerebroventricular injection of orexin-A or
an orexin receptor agonist could strongly promote wakeful-
ness and reduce REM sleep time for hours. The arousal-
promoting effect of the orexin system is likely mediated by
the orexinergic projections to the BF, VTA, and LC [65]. In
addition, optogenetic activation of orexin neurons could
rouse mice from sleep, whereas inhibition of orexin neurons
by optogenetics or chemogenetics promoted sleep [66].

Orexinergic neurons in the LHA also play a crucial role
in anesthesia-arousal regulation. Previous studies have found
that microinjection of orexin-A into the cerebral ventricles,
BF, dorsal raphe nucleus, or VTA elicits arousal response on
EEG and facilitates emergence from isoflurane-, sevoflu-
rane-, or propofol-induced anesthesia [53, 54, 67, 68]. Nota-
bly, the findings indicate that orexinergic systems selectively
affect anesthetic emergence without causing an associated
change in induction, suggesting a distinguishable mechanism
of emergence from that of induction and highlighting the
emergence-promoting effect of orexin [69]. Specifically,
chemogenetic activation of genetically defined orexinergic
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neurons shortens the emergency latency from general anes-
thesia [70], and optogenetic activation of orexinergic neurons
or their projections to the BF, VTA, LC, or periventricular
thalamus significantly reduces anesthetic depth [68, 71, 72].

Melanin-concentrating hormone (MCH) is synthesized
and expressed by a large population of cells that are sparsely
distributed throughout the LHA. In contrast to orexinergic
neurons, MCH neurons are active during sleep, especially
during REM sleep. MCH neurons project to brain areas that
promote arousal and REM sleep, including the LC, DRN,
laterodorsal, and pedunculopontine tegmental nuclei
(LDT/PPT) as well as the sublaterodorsal tegmental nucleus
(SLD). Intracerebroventricular or local administration of
MCH into the DRN or BF induces both REM and NREM
sleep. Optogenetic studies have confirmed the regulatory
role of MCH neurons in sleep architecture. Selective activa-
tion of MCH neurons was found to enhance REM sleep. Ab-
lation of MCH neurons increased wakefulness time and de-
creased NREM sleep duration with no effect on REM sleep.
MCH neuronal activity, indicated by c-Fos expression, was
not changed by inhaled anesthetics [69]; few results have
been reported concerning the regulatory role of MCH neu-
rons under general anesthesia. However, this should be in-
vestigated in future studies.

In addition to orexinergic and MCH neurons, GABAer-
gic neurons in the LHA also participate in the regulation of
sleep and wakefulness. With the help of circuit mapping in
brain slices, orexinergic neurons were found to be inhibited
by local GABAergic neurons via a microcircuit input; GA-
BAergic neurons also send large putatively inhibitory projec-
tions to sleep-promoting and arousal-promoting nuclei, in-
cluding the VLPO, TMN, ventral periaqueductal gray, and
LC. Optogenetic activation of LHA GABAergic neurons
during NREM sleep, but not during REM sleep, rapidly
promoted the transition to wakefulness [73]; chemogenetic
activation of LHA GABAergic neurons also profoundly
promoted wakefulness and inhibited sleep [74]. Additionally,
activation of GABAergic terminals in the VLPO or the TRN
potently promoted wakefulness. Because of the dominant
role of TRN in the thalamocortical network, the feedforward
inhibiting effects on TRN GABAergic neurons position
LHA GABAergic neurons as cardinal regulators in sleep-
wake state transitions. Indeed, activation of the GABAergic
circuit from the LHA to the TRN led to significant EEG al-
ternations during anesthesia accompanied by limb move-
ments. In addition, the application of propofol causes mem-
brane hyperpolarization of LHA GABAergic neurons, indi-
cating that LHA GABAergic neurons are involved in
propofol-induced anesthesia. On the other hand, numerous
LHA neurons synthesize the excitatory neurotransmitter glu-
tamate, and optogenetic activation of these LHA glutama-
tergic neurons or their projections to the LHb during the
maintenance of anesthesia could reduce the anesthetic depth
and promote the emergence of anesthesia.

In general, intermingled various neuronal types with di-
verse molecular signatures, including various neurotransmit-
ters and neuropeptides, make the LHA a central player in the
regulation of multiple fundamental physiological behaviors,
leading to its complex roles in arousal and consciousness.
Further investigations with elaborate novel techniques are
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necessary to delineate the role of neurochemically distinct
neuronal phenotypes of LHA in sleep-wake cycles and gen-
eral anesthesia.

5. VENTRAL TEGMENTAL AREA

The VTA consists of five sub-regions with intermingled
neuronal populations, including dopaminergic, glutama-
tergic, and GABAergic neurons [75]. Dopaminergic neurons
can be further divided into neuronal subtypes with different
peptides, proteins, or receptors, and numerous studies have
shown that different functions of this area are mediated by
diverse subpopulations of dopaminergic neurons involved in
distinct neural circuits. VTA GABAergic and glutamatergic
neurons also participate in the regulation of multiple func-
tions independent of dopaminergic neurons [75, 76]. Dopa-
minergic neurons have been found to co-release GABA or
glutamate [75].

Recent methodological advances have facilitated the
mapping of afferent and efferent brain regions in different
VTA neuronal populations. VTA dopaminergic neurons ex-
tensively project to forebrain areas through mesocortical and
mesolimbic pathways and form reciprocal connections with
the LH, POA, BF, the dorsal raphe nucleus (DRN), the LC,
and the LDT/PPT [77]. Although VTA GABAergic neurons
can function through dense local inhibitory connections, both
GABAergic and glutamatergic neurons in the VTA also send
long projections widely to forebrain and brainstem targets
[78].

Apart from their predominant role in regulating reward
and aversion, VTA dopaminergic neurons have been exten-
sively reported in the modulation of sleep and wakefulness.
Both multichannel recording and fiber photometry studies
have shown that VTA dopaminergic neurons display elevat-
ed activities during REM sleep and wakefulness when com-
pared to those during NREM sleep [79, 80], and studies have
reported that these neurons switch to a burst firing pattern
during REM sleep, further implying their involvement in the
memory consolidation function of REM sleep [81]. Optoge-
netic activation of VTA dopaminergic neurons was sufficient
to initiate and maintain wakefulness, even under high sleep
pressure. Chemogenetic inhibition of these neurons could
increase sleep, impede the wake-promoting effects of salient
stimuli, and promote nesting behaviors, revealing a causal
role of VTA dopaminergic neurons in the regulation of
arousal and sleep-related behaviors [79]. However, manipu-
lation of VTA dopaminergic projections to different down-
stream regions yielded inconsistent results in terms of arous-
al modulation, and it is believed that the local effects of do-
paminergic neurons are mainly mediated by nucleus accum-
bens (NAc) projections to the medial prefrontal cortex
(mPFC), CeA, and dorsal-lateral striatum [79]. Additionally,
studies have shown that darkness-induced wakefulness is
mediated by the inhibition of GABAergic inputs to VTA
dopaminergic neurons from the superior colliculus (SC) [82],
further implying the role of VTA in the regulation of circadi-
an thythm.

Similar to dopaminergic neurons, activation of glutama-
tergic neurons, which are wake- and REM-active, could pro-
duce wake sates through projections to the NAc and LHA;
lesioning these areas impairs the consolidation of wakeful-
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ness [76]. In contrast, although VTA GABAergic neurons
also increase their activities during wake and REM sleep,
they produce a long-lasting NREM-resembling sedation state
when activated [76]. The contradiction between the physio-
logical activities and regulative effects of GABAergic neu-
rons suggests that they may not directly promote natural
NREM sleep but may limit wakefulness due to local micro-
circuits via arousal-promoting dopaminergic or glutama-
tergic neurons or long projections to the LHA [76, 83].

Systematical application of a dopamine transporter inhib-
itor, such as methylphenidate or a dopamine D1 receptor
agonist, facilitated reanimation from general anesthesia, in-
dicating the regulatory potency of the dopaminergic system
on anesthetic-induced unconsciousness. The findings that
electrical stimulation of the VTA, but not the adjacent sub-
stantia nigra, reliably induced a robust behavioral arousal
response in rats during isoflurane and propofol anesthesia
further highlights the role of VTA dopaminergic neurons
[84]. Indeed, selective optogenetic activation of VTA dopa-
minergic neurons produced profound behavioral arousal re-
sponses, which could be blocked by dopamine D1 receptor
antagonists during stable isoflurane-induced anesthetic
states, confirming the critical role of VTA dopaminergic
neurons in promoting emergence from general anesthesia
[85]. Although the activity of VTA dopaminergic neurons
and dopamine release in the downstream NAc region were
significantly inhibited by sevoflurane anesthesia, prior find-
ings have shown that dexmedetomidine could activate do-
paminergic neurons in the VTA and increase dopamine con-
centrations in the related forebrain projection areas, includ-
ing the NAc and mPFC. This discrepancy in activity alterna-
tions could partially explain the distinct arousability of dex-
medetomidine and other anesthetics. In contrast, VTA GA-
BAergic neurons could facilitate isoflurane anesthesia and
postpone emergence through projections to the LHA [86].

Overall, VTA dopaminergic neurons exhibit general
arousal-promoting effects in both natural sleep and general
anesthesia, and GABAergic neurons restrict wakefulness and
facilitate anesthesia. The changes in the physiological activi-
ty of VTA dopaminergic, GABAergic, and glutamatergic
neurons during sleep-wake cycles suggest that excitatory and
inhibitory hemostasis of the microcircuit within one nucleus
could play a role in sculpting the function of this nucleus and
even in regulating different vigilant states. Of note, VTA
dopaminergic neurons have multiple firing patterns during
consciousness states induced by natural sleep or anesthetics,
which likely suggests diverse functional states through which
VTA dopaminergic neurons could regulate consciousness.
Moreover, because VTA dopaminergic neurons modulate
physiological arousal through disparate projections, further
research is still needed to verify how these neural circuits
differentially regulate arousal following general anesthesia.

6. LOCUS COERULEUS

Sleep and general anesthesia are always mentioned to-
gether because of an important shared behavioral property
(that is, reduced responsiveness to the external environment),
yet the rapid reversibility of the quiescent state makes sleep
easily distinguishable from anesthetic states [87]. Rapid
arousability from sleep endows individuals with the ability to

Current Neuropharmacology, 2022, Vol. 20, No. 1 77

perceive threats and avoid dangers, thus possessing indispen-
sable evolutionary significance. Within sleep-wake regula-
tion neural networks, the LC, a noradrenergic (NA) center
that sends broad projections to multiple brain areas, plays a
pivotal role in regulating the transitions of vigilance states as
well as a wide array of arousal-associated behaviors, such as
attention, cognition, and orientation [88, 89].

Several seminal electrode recording studies have shown
that LC-NA neurons display fluctuating firing activity across
different arousal states and are most active during wakeful-
ness, inactive during slow-wave sleep, and almost silent dur-
ing paradoxical sleep [90, 91]. It is notable that awakening
following alerting situations, wakefulness, and sleep inter-
ruptions are accompanied by phasic firing impulses of LC-
NA neurons [91-93], indicating their role in the processing
of salient external stimuli. Recent studies recording LC ac-
tivities with silicon probes have further demonstrated that
LC clusters fired short phasic bursts (responding to the onset
of auditory stimulations), and the phasic responses were
more robust during NREM sleep than during quiet or active
wakefulness [94].

Previous lesioning and pharmacological studies have in-
dicated that LC-NA neurons function to maintain activated
brain states [95]. With advances in optogenetics, Carter ef al.
[96] found that inhibition of LC-NA neurons decreased the
duration of wakefulness and increased the activity of the
slow-wave oscillation and that stimulation of the LC-NA
neurons caused immediate transitions from sleep to waking;
these results suggested that these neurons were required for
both maintaining wakefulness and promoting immediate
transitions to wakefulness [96]. Long-term stimulation with
different protocols yielded variant results that both tonic and
phasic stimulation for 1 h caused an increase in the wakeful-
ness, though only phasic stimulation prolonged the duration
of wakefulness over a period of five hours [96]. In addition,
the baseline tonic activity of LC-NA neurons during NREM
sleep correlates with the probability of sound-evoked awak-
enings, and these neurons reliably respond to auditory stimu-
li by turning to fire phasic bursts, further revealing that lower
LC-NA neuronal activities during sleep support reduced re-
sponsiveness to external stimuli [94]. In addition to adrena-
line, several other neurotransmitters, including galanin, neu-
ropeptide Y, and dopamine, are co-released by LC-NA neu-
rons [88]. By specifically knocking down dopamine beta-
hydroxylase, an enzyme for NE synthesis, Yamaguchi et al.
further confirmed that NA was indispensable for the arousal
regulation of LC stimulation [97].

For general anesthesia, propofol, etomidate, midazolam,
thiopental, and isoflurane, which facilitate GABA signaling,
significantly reduce noradrenergic activities [98-100]. How-
ever, chemicals acting as NMDA antagonists, including ket-
amine, nitrous oxide, and xenon, increase noradrenaline re-
lease in several brain regions [100], indicating a complicated
engagement of LC noradrenergic systems in regulating gen-
eral anesthesia. Adrenergic deficiency could cause hypersen-
sitivity to the induction of volatile anesthesia and significant-
ly retard the emergence from sevoflurane, isoflurane, or hal-
othane anesthesia [101]. By modulating genetically defined
LC-NA neurons via designer receptors under isoflurane an-
esthesia, Vazey ef al. found that LC activation was sufficient
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to reduce anesthetic depth indicated by EEG measurements,
including burst-suppression ratios or delta frequency power,
and accelerate the recovery of consciousness; these effects
could be prevented by adrenergic B or al receptor antago-
nists [102]. Similar to volatile anesthetics, the LC-NA sys-
tem has been tested to regulate general anesthesia induced by
propofol and etomidate [98]. Although LC noradrenergic
projections to the midline thalamus exerted similar emer-
gence-promoting effects [103, 104], the intracerebral injec-
tion of NA or the activation of noradrenergic terminals in the
TRN delayed recovery from the propofol anesthesia [105],
indicating diverse effects mediated by different neural cir-
cuits.

In addition to the abovementioned general anesthetics,
dexmedetomidine (as an agonist of inhibitory metabotropic
adrenergic a2 receptors) could induce loss of consciousness
and a deeply sedative yet arousable state resembling NREM
sleep. Selective knockdown of LC adrenergic a2 receptors
abolished dexmedetomidine-induced LORR, but did not
eliminate a sedative effect, indicative of disparate mecha-
nisms with respect to these properties. Further investigation
confirmed that the sedative state induced by dexmedetomi-
dine was similar to recovery sleep, and neurons in the preop-
tic hypothalamus regulating NREM sleep played a role in
this dexmedetomidine-induced sedation [13]; this implies a
concurrent mechanism of sleep and dexmedetomidine-
mediated anesthesia. In addition, the neuronal activities of
VTA dopaminergic neurons and dopaminergic concentra-
tions in the mPFC and NAc were increased after intraperito-
neal injection of dexmedetomidine, suggesting that these
easily arousing properties might be attributed to the activa-
tion of midbrain dopaminergic systems [106].

Generally, LC-NA neurons promote wakefulness from both
sleep and general anesthesia. Notably, as a main regulatory tar-
get of dexmedetomidine anesthesia, LC-NA neurons could be
an underlying knot for decoding inconsistent arousability within
NREM sleep, dexmedetomidine-induced sedation, and other
general anesthetics-induced unconsciousness states. The elabo-
rate balance between sleep- and arousal-regulating neural cir-
cuits probably endows the NREM sleep and sedative states in-
duced by dexmedetomidine with arousable properties. Howev-
er, the overall breakdown of the adrenergic system and nearly
all other neural systems by general anesthetics produces a pro-
found unarousable unconscious state.

7. OTHER CIRCUITS INVOLVED IN THE AROUSAL
OF ANESTHESIA

7.1. Parabrachial Nucleus

PBN, located in the brainstem, contains glutamatergic
and GABAergic neurons. PBN GABAergic neurons are nec-
essary not only for the quantity of normal sleep but also for
the quality of sleep (the maintenance of slow-wave sleep
requires PBN neuronal activation) [107]. PBN is also a pre-
dominant arousal-active nucleus. Genetically knocking out
the vesicular glutamate transporter-2 (Vglut2) in PBN neu-
rons increases NREM sleep during the dark period, indicat-
ing opposite effects of PBN glutamatergic and GABAergic
neurons in sleep and arousal. Recent studies have validated
the involvement of PBN in the consciousness transition in-
duced by general anesthesia. Specifically, a group of PBN
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neurons is activated during emergence from isoflurane anes-
thesia. Electrical stimulation in the PBN substantially induc-
es arousal during sleep under continuous isoflurane general
anesthesia [108]. Chemogenetic activation of PBN glutama-
tergic neurons reduced the animals’ sensitivity to sevoflurane
and decreased emergence time from sevoflurane inhalation.
Optogenetic activation of PBN glutamatergic neurons during
sevoflurane anesthesia maintenance produced the arousal-
like changes observed in the EEG. The emergence facilita-
tion of PBN could be mediated through its neural projections
to the prefrontal cortex, the BF, the LH, the thalamus, and
the supramammillary nucleus [109].

7.2. Dorsal Raphe Nucleus

The serotonin (5-HT) system participates in a broad range
of neurophysiological regulations, including the regulation of
sleep and wakefulness. 5-HT neurons in the DRN send exten-
sive projections to the midbrain and forebrain and receive in-
nervation from the cerebral cortex, limbic systems, BF, and
hypothalamus. Optogenetic stimulation of 5-HT neurons in the
DRN in a phasic pattern prolonged wakefulness and decreased
NREM sleep while increasing NREM sleep when stimulated
in a tonic pattern; this confirms the role of the DRN 5-HT sys-
tem in stabilizing sleep homeostasis and the regulating of the
sleep/wake cycle [110]. Electrolytic lesions of the DRN de-
creased the halothane MAC. Calcium activity of DRN 5-HT
neurons imaged by fiber photometry decreased during isoflu-
rane anesthesia and gradually recovered when isoflurane was
discontinued. Using optogenetic and chemogenetic approach-
es, activation of DRN 5-HT neurons reduced the depth of an-
esthesia with respect to a decrease in the burst-suppression
ratio during anesthesia maintenance and facilitated the emer-
gence from isoflurane anesthesia. The emergence-promoting
function of DRN 5-HT neurons could be achieved by 5-HT
1A or 2C receptors in the brain [111].

7.3. Tuberomammillary Nucleus

The central neural histamine system is originated from
the TMN in the posterior hypothalamus [112]. Receiving the
strong inhibition of VLPO GABAergic projections, the TMN
histaminergic neurons are highly activated during active
waking and less active during NREM and REM sleep [113].
Multiple studies have revealed that TMN histaminergic neu-
rons have reciprocal interactions with GABAergic neurons
of the preoptic area in regulating the sleep-wake cycle. On
the other hand, histamine is involved in many anesthetics-
induced loss of consciousness [114], such as isoflurane
[115], dexmedetomidine, propofol [116], and pentobarbital
[117], but not ketamine. Histamine levels were discovered to
be markedly reduced in the brain during an anesthesia-
induced loss of consciousness. The emergence facilitation
effect of TMN histaminergic neurons is highly regulated by
the inhibitory innervations from GABAergic neurons [117].
Bilaterally blocking the GABA, receptor in the TMN re-
duced the sensitivity of animals to dexmedetomidine anes-
thesia [114] and decreased the LORR time of propofol and
pentobarbital [117].

7.4. Central Medial Thalamus

The integrity of thalamocortical connectivity is essential
for the maintenance of arousal. Disruption of thalamocortical
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connectivity leads to unconsciousness. The CMT nucleus is a
part of the middle thalamic complex that receives both sub-
cortical and cortical innervations and also sends informative
projections to cortices. Overexpression of the Kv1.2 protein
in the CMT area facilitated sleep but decreased the pro-
arousal effect of caffeine in a previous study [118]. Activat-
ing nicotinic acetylcholine receptors or blocking voltage-
gated potassium channels in the CMT caused the arousal-like
changes in the EEG and reversed sevoflurane-induced un-
consciousness. The Cay3.1 isoform of T-type calcium chan-
nels is probably related to delta oscillation and burst-
suppression patterns in EEG induced by isoflurane anesthe-
sia [119]. Microinjections of norepinephrine into the CMT
induced EEG signs of cortical arousal and accelerated the
time to emergence from propofol anesthesia. These reports
indicate a complex interaction between CMT neurons with
various neurotransmitter systems. Baker et al. compared the
local field potentials in the thalamus and cortex during the
transition from awareness to unconsciousness induced by
natural sleep and general anesthesia. They found that chang-
es in local field potentials occurred first in the CMT (before
changes could be detected in the neocortex for both propofol
anesthesia and natural sleep), suggesting a potential initiato-
ry role of the CMT in state transition [120].

7.5. Cortex

Disruption of cortical connective integrity is a feature of un-
consciousness for general anesthesia [121, 122]. The neocortex
exhibits higher activity during wakefulness and lower activity
during slow-wave sleep [123, 124]. However, cerebral cortex
also contains sleep-active neurons. The GABAergic interneu-
rons are more active in slow-wave sleep than in wakefulness
[125]. Particularly, as one of the limbic structures, the retrosple-
nial cortex was found to be REM-active and presented synchro-
nized discharges with hippocampal theta waves during REM
sleep. Neocortical neuronal activity was reported to decrease by
50% under the general anesthesia induced by volatile anesthet-
ics and by 40% with propofol and etomidate [126]. Guo et al.
[127] explored neurotransmission within the primary visual
cortex during isoflurane anesthesia by using high-resolution
approaches of in vivo two-photon imaging and genetically en-
coded neurotransmitter sensors. They found a general decrease
in cortical GABA transmission during loss of consciousness,
while glutamate transmission was mostly preserved in pyrami-
dal cells but significantly reduced in inhibitory interneurons.
Subtypes of cortical interneurons showed different changes in
activity. After exposure to isoflurane, the activity of vasoactive
intestinal peptide (VIP)-expressing neurons experienced a de-
layed inhibition preceded by a temporary increase and then
showed a synchronized response pattern during the loss of con-
sciousness. PV neuronal activity decreased slightly more than
SOM interneurons, but they both were highly synchronized
during the loss of consciousness. These findings depict a dis-
rupted cortical excitatory-inhibitory network during the loss of
consciousness induced by general anesthesia and emphasize the
indispensable function of the inhibitory network in maintaining
consciousness [127].

CONCLUSION

In this paper, we have reviewed several well-studied nu-
clei (from the brainstem to the neocortex) in modulating con-
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sciousness transitions caused by sleep and anesthesia, re-
spectively. Among these, most neural circuits involved in
sleep-arousal regulation also play a role in anesthesia-
induced loss and recovery of consciousness. With modern
advanced techniques, a few neuronal subtypes involved in
natural sleep have been identified as overlapping in regulat-
ing general anesthetic effects. However, overlapping neurons
labeled by specific markers are difficult to distinguish using
traditional inhibitory or excitatory neuronal classifications.
The current results may not completely indicate an overlap-
ping neural circuitry mechanism between sleep and general
anesthesia, though these findings raise a few points for dis-
cussion. First, a certain nucleus may regulate sleep or anes-
thesia, which does not necessarily mean that all neuronal
types in this nucleus are involved in both sleep and anesthe-
sia. Accumulating evidence supports the theory that sleep-
promoting neurons are often spatially intermingled with
wake-promoting neurons, making it difficult to target them
selectively for circuit analysis. Second, although some nuclei
have confirmed overlapping neurons in dual-regulating sleep
and anesthesia, whether other sleep-arousal-regulating nuclei
have such overlapping neurons needs to be further studied.
Third, overlapping neurons are likely to distinguish them-
selves by having untraditional neuronal labels. Conventional-
ly classified neuronal markers and responsible genetic tools
may not be able to accurately anchor such neurons; there-
fore, more advanced regulative approaches are needed. Last-
ly, for most sleep-arousal nuclei, such as VTA and BF, there
are multiple types of neurons that likely form the microcir-
cuits participating in the regulation of unconscious and
arousal transition. The configuration of intranuclear micro-
circuits of overlapping neurons requires further research.

In addition, with regard to the molecular targets of sleep
and anesthesia, these two reversible unconscious procedures
may not share an identical mechanism. Although the activa-
tion of GABA, receptors mediates both sleep and general
anesthesia effects, the subsets of GABA, receptors activated
by the endogenous GABA (primarily released from the POA
GABAergic neurons) during sleep onset could be different
from those driven by general anesthetics. Endogenous
GABA normally binds to the area between the a and p subu-
nits in the GABA,4 receptor [128]. In contrast, the anesthetic
effect of propofol is related to a, B, and y subunits of
GABA receptor and the inhalational anesthetic agents to the
al-subunit of the GABA, receptor [129]. The sensitivity of
subsets of GABA,4 receptors to general anesthetics depends
on the intrinsic sensitivity of receptor’s subunit as well as on
their distribution in the related neural circuits [56]. It is also
worth noting that high concentrations of general anesthetics
can directly activate GABA, receptors without the involve-
ment of GABA [56], indicating that there could be differ-
ences between anesthesia and natural sleep in the activation
and functional regulation of GABA 4 receptors.

There are different stages in sleep, similar to anesthesia;
sedation and surgical anesthesia are also different levels of
unconsciousness. Large differences in EEG patterns are ac-
quired in the NREM and REM sleep stages. Similarly, EEG
features differ between light anesthesia for sedative proce-
dures and deep anesthesia for surgical procedures. These
findings suggest that diverse neural networks could be in-
volved in the regulation of sleep and anesthesia, depending
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on the stage of unconsciousness. Studies have clarified that
certain neurons regulate NREM sleep rather than REM sleep.
Similarly, some neurons only participate in sedation, but not
anesthesia. However, only a few studies have compared dif-
ferences in neural circuits between light and deep anesthesia.
Currently, only a few studies have investigated the mecha-
nisms of these non-consciousness-related effects of general
anesthetics; these studies have suggested that at least one
group of central amygdala neurons is related to analgesia,
but not unconsciousness. In contrast, a prior study found that
sleep-accompanied immobility is mediated by the substantia
nigra pars reticulata (SNr), which also regulates transitions in
consciousness. These interesting studies impose more chal-
lenges onto the hypothesis that general anesthesia shares
neural circuits with sleep. Therefore, it might not be sensible
to conceptually conclude that anesthesia and sleep share the
same neural circuits.

There are more things in heaven and earth than are
dreamt of in your philosophy.

——William Shakespeare
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