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Sedatives target just a handful of receptors and ion channels. But we have no satisfying
explanation for how activating these receptors produces sedation. In particular, do
sedatives act at restricted brain locations and circuitries or more widely? Two prominent
sedative drugs in clinical use are zolpidem, a GABAA receptor positive allosteric
modulator, and dexmedetomidine (DEX), a selective α2 adrenergic receptor agonist.
By targeting hypothalamic neuromodulatory systems both drugs induce a sleep-like
state, but in different ways: zolpidem primarily reduces the latency to NREM sleep, and
is a controlled substance taken by many people to help them sleep; DEX produces
prominent slow wave activity in the electroencephalogram (EEG) resembling stage
2 NREM sleep, but with complications of hypothermia and lowered blood pressure—it
is used for long term sedation in hospital intensive care units—under DEX-induced
sedation patients are arousable and responsive, and this drug reduces the risk of
delirium. DEX, and another α2 adrenergic agonist xylazine, are also widely used in
veterinary clinics to sedate animals. Here we review how these two different classes
of sedatives, zolpidem and dexmedetomideine, can selectively interact with some
nodal points of the circuitry that promote wakefulness allowing the transition to NREM
sleep. Zolpidem enhances GABAergic transmission onto histamine neurons in the
hypothalamic tuberomammillary nucleus (TMN) to hasten the transition to NREM sleep,
and DEX interacts with neurons in the preoptic hypothalamic area that induce sleep and
body cooling. This knowledge may aid the design of more precise acting sedatives, and
at the same time, reveal more about the natural sleep-wake circuitry.

Keywords: sedation, NREM sleep, zolpidem, GABAA receptor, histamine, α2 adrenergic agonists,
dexmedetomidine, xylazine

INTRODUCTION

Every year, 250 million patients worldwide are given anesthetics; millions take sleeping
medications to sedate themselves, and every day, at some point in the 24-h cycle, all humans
and animals require natural sleep. Anesthesia, sedation and sleep are commonplace states
that involve reversible loss of consciousness, but we do not understand how these processes
work at a circuit level. Research suggests that at least sedation and deep sleep are connected
mechanistically. Understanding how they interlink is important for both neuroscience and
medicine. Sedatives target just a handful of receptors and ion channels (Franks, 2008; Steinberg
et al., 2015; Wisden et al., 2017). But we have no satisfying explanation for how activating
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these receptors produces sedation. In particular, do sedatives
act at restricted brain locations and circuitries or more widely
(Franks, 2008; Rihel and Schier, 2013)?

In this review article, we describe how two specific
drug systems induce sleep: positive-allosteric modulators of
GABAA receptors acting on histamine neurons in the posterior
hypothalamus induce a natural NREM-like sleep; whereas
α2 adrenergic agonists acting in the preoptic area (POA) of the
hypothalamus induce a deeper form of NREM-like sleep, akin
to recovery sleep following sleep deprivation. From studying
these systems, we suggest that more can be learnt about the
natural sleep-wake circuitry and potentially, better sedatives can
be developed.

NEUROMODULATION AND THE WAKING
STATE

The waking state is maintained by continual activation
of aminergic (histamine, dopamine, noradrenaline (NA),
acetylcholine), hypocretin/orexinergic (peptidergic), CART
(peptidergic), and selective glutamatergic and GABAergic
pathways (Wada et al., 1991; Carlsson, 2001; Gu, 2002; Berridge
and Waterhouse, 2003; Anaclet et al., 2009; Lee and Dan, 2012;
Sara and Bouret, 2012; Weber and Dan, 2016; Eban-Rothschild
and de Lecea, 2017; Gradinaru, 2017; Jones, 2017; L"orincz and
Adamantidis, 2017; Lovett-Barron et al., 2017; Scammell et al.,
2017; Schöne and Burdakov, 2017). When the brain is permeated
with these neuromodulators we are wakeful and conscious
(Gu, 2002; Constantinople and Bruno, 2011; Harris and Thiele,
2011; Arnsten et al., 2012; Lee and Dan, 2012; Krishnan et al.,
2016; Lovett-Barron et al., 2017; van Kempen et al., 2017).
In wakefulness, the cortical electroencephalogram (EEG) is
desynchronized, fast and random, reflecting the variety of firing
rates of hippocampal and cortical neurons (Harris and Thiele,
2011); neurons in the neocortex are persistently depolarized
(Constantinople and Bruno, 2011), and there are no extended
periods of synaptic silence (Constantinople and Bruno, 2011).

Wakefulness is a matrix of modalities (Harris and Thiele,
2011; Arnsten et al., 2012). It is difficult to say precisely
what wakefulness is, except to note that without the action of
neuromodulators, and if instead there was only glutamate and
GABA in the hard-wired circuitry, we would be diminished
in thoughts and actions, or even frozen (Carlsson, 2001;
Gu, 2002; Robbins and Arnsten, 2009; Arnsten et al., 2012;
Schöne and Burdakov, 2017). These neuromodulator actions
are embedded in most aspects of circuitry function (Ellender
et al., 2011; Arnsten et al., 2012). Neuromodulatory transmitters
are often released extrasynaptically, and diffuse to extrasynaptic
receptors, influencing many neurons simultaneously, a process
termed volume transmission (Fuxe et al., 2010). A classic
example is dopamine, which when lacking in Parkinson’s disease,
results in severe impairments in the planning of movements
and movement initiation, as well as cognitive dysfunctions.
Dopamine is necessary to promote wakefulness (Cho et al.,
2017; Eban-Rothschild and de Lecea, 2017; Oishi and Lazarus,
2017). Matsuda et al. (2009) illustrate the arborization of a
single dopamine neuron in the substantia nigra—this axonal

arbor fills a substantial volume of the caudate-putamen, and thus
could influence many target cells and their associated circuitry
(Matsuda et al., 2009).

THE REGULATION OF NATURAL SLEEP

Sleep and wake are determined with polysomnography, which is
to say by combining EEG and electromyogram (EMG) scoring,
and in the case of larger mammals also electrooculographic
(EOG) scoring (Pace-Schott, 2009). A mouse typically abruptly
moves from wakefulness into a few minutes of NREM sleep,
then a minute or so of REM sleep, then back to NREM sleep,
then REM sleep, then wakefulness (Vyazovskiy and Harris,
2013). All mammals have these cycles, but the timings differ.
In NREM sleep of rodents, the EEG is predominated by
0.5–4.5 Hz rhythms termed δ waves. In NREM sleep, muscle
tone, heart rate, blood pressure and respiration rates are lower
than during waking. NREM sleep transitions to REM sleep.
In REM sleep, the EEG resembles that of the waking state,
but skeletal (postural) muscle tone is at its lowest level—it
is muscle atonia—resulting from inhibition of spinal motor
neurons. During REM sleep, heart rate, blood pressure and
respiration rates increase from their low NREM levels, and
sympathetic nerve activity increases (Pace-Schott, 2009). Of
the sleeping states, the NREM sleep period seems fundamental
because it happens first (wakefulness to NREM) and lasts the
longest. Most mammals demonstrate polyphasic sleep patterns
distributed across their entire sleep-wake cycle, while humans
are mostly mono/biphasic sleepers and concentrate most of their
sleep time at night.

The firing of some aminergic and cholinergic neurons is
vigilance state-dependent (Saper et al., 2010; Xu et al., 2015; Cho
et al., 2017; Eban-Rothschild and de Lecea, 2017). These neurons
are largely silent during NREM sleep, and sometimes active in
REM sleep depending on the type of cell. NREM sleep emerges
when neuromodulators are removed from the brain (Figure 1).
Only a few years ago, there were just a few brain centers thought
to actively promote NREM sleep. These included the ventral
lateral preoptic area (VPLO), at the base of the hypothalamic
POA (Sherin et al., 1996). The concept that preoptic GABAergic
neurons inhibit wake-promoting aminergic neurons such as
histamine neurons seems correct (Saper et al., 2010; Scammell
et al., 2017), but much of the circuitry still needs to be elucidated
(see ‘‘More on the Preoptic Area and the Induction of Natural
NREM Sleep’’ section).

The number of neural sites that induce sleep when artificially
stimulated has proliferated. Neural groups scattered through the
neuroaxis, when selectively activated by chemo- or optogenetic
methods, promote a transition from wakefulness to NREM sleep
(Weber and Dan, 2016; Eban-Rothschild and de Lecea, 2017;
Scammell et al., 2017). Particular interneuron subtypes in the
mouse neocortex, when selectively activated, can also induce
a NREM-like EEG (Funk et al., 2017), showing that sleep can
be driven from top-down. How these circuits fit together, and
if there is a ‘‘master NREM sleep-circuit’’ which drives the
others is a challenge for the field to resolve. This task will not
be straight-forward because of the extensive inter-connectivity
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FIGURE 1 | Histamine-GABA neurons in the tuberomammillary nucleus (TMN) area project widely to produce wakefulness and are silenced during NREM sleep by
preoptic GABAergic neurons or by zolpidem. (A) Simplified view of how histamine/GABA neurons in the tuberomamillary area (TMN) of the posterior hypothalamus
promote wakefulness. During the wake state, histamine/GABA neurons are active and their ascending histamine/GABA fibers release histamine (red) and GABA
(green) into the prefrontal cortex (PFC), neocortex (Ctx) and striatum (Str, caudate-putamen). Glutamatergic pyramidal neurons in the PFC send excitatory projections
to the histamine neurons in the TMN, reinforcing wakefulness. Histamine-only projections from the TMN also excite cholinergic neurons in the basal forebrain, and
the axons of these excited cholinergic neurons release acetylcholine throughout the cortex. Histamine-only projections also excite GABAergic neurons in the preoptic
area (POA) of the hypothalamus; these GABA neurons in turn are believed to supress sleep-active GABA neurons that project back to the TMN area that inhibit the
histamine neurons. Within the POA, certain GABAergic cells project to the PFC and support wakefulness, and some glutamate cells in the POA also send excitatory
projections to the histamine neurons to reinforce wakefulness. The TMN area also contains probably many wake-active glutamatergic and GABAergic neurons in
addition to those that are histaminergic/GABAergic or histamine only. The contribution of these cells to wakefulness is not known. Based on Yu et al. (2015) and
Chung et al. (2017). (B) During NREM sleep, the histaminergic neurons and probably some of the other cell types in the TMN area are inhibited by GABAergic
projections (green) from the POA area. The GABAergic sleep active neurons probably co-release peptides, including CCK, CRH, TAC1 and galanin. The function of
these peptides is not known. Zolpidem can also potentiate these GABAergic inputs via its actions at the postsynaptic GABAA receptors on histamine neurons.
Adapted from Uygun et al. (2016).

of the brain, and multisite recordings of genetically specified
cells will be needed to see if particular groups of cells lead
others in the induction of NREM or REM sleep (see the study
of Lovett-Barron et al., 2017 for an analogous approach to
studying wake-promoting neurons). For example, we found
using multisite recordings in the rat, that the central midline
thalamic nuclei lead the neocortex in the appearance of delta
waves in the transition from wakefulness to NREM sleep and
propofol-induced anesthesia (Baker et al., 2014).

A critical point is that although stimulating a particular cell
type might induce a vigilance state such as wake or NREM
sleep, this does not necessarily mean that this cell type is
physiologically involved in the induction or maintenance of
this state. The dense interconnectivity of the brain can give
misleading information on critical circuitry. This issue is well
discussed in the article of Otchy et al. (2015) and by Sudhof
(2015). It is important to evaluate the vigilance state-dependent
activity of particular cell types. For example, if it is found that
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a particular cell type, when artificially activated induces NREM
sleep, but mainly fires during wakefulness, this makes this cell
type unlikely to be physiologically involved in triggering or
maintaining sleep.

MORE ON THE PREOPTIC AREA AND THE
INDUCTION OF NATURAL NREM SLEEP

The POA in the hypothalamus has been the best studied for its
sleep-wake promoting role (Sherin et al., 1996; Szymusiak et al.,
2007; Takahashi et al., 2009). At the entry to NREM sleep various
GABAergic neurons in the POA become more active (Takahashi
et al., 2009). These neurons send GABAergic projections to the
ascending aminergic systems, such as the histamine neurons in
the tuberomammillary area in the posterior hypothalamus and
orexin neurons in the lateral hypothalamus (Sherin et al., 1996;
Chung et al., 2017; Figure 1A). When these GABAergic neurons
are active, the arousal-promoting histamine and orexin neurons
are supressed (Sherin et al., 1996; Saper et al., 2010; Scammell
et al., 2017).

The VLPO area was defined as a sleep-promoting nucleus
on the basis of c-FOS activation, but does not have any
neurochemical markers to define it. In the rat, the expression
of the neuropeptide galanin marks out GABAergic sleep-
promoting cells. But in the mouse, galanin expression is widely
distributed, and stimulating galanin cells in the mouse POA
produces wakefulness rather than NREM sleep (Chung et al.,
2017). Additionally, in the mouse a larger area of the preoptic
hypothalamus than the VLPO area seems to be involved in
NREM sleep regulation, as defined by activity-tagging with
c-FOS expression (Zhang et al., 2015). We think that cells in the
broader POA, rather than just those in VLPO, regulate sleep. The
POA includes the medial and median preoptic neurons, which
also induce NREM sleep (Zhang et al., 2015).

There is much we do not know about how the POA
regulates sleep-wake behavior. For example, why the sleep-
promoting POA GABAergic neurons become active in the
first place, and stay active, and then switch off when sleep
ends, remains unknown. There is no definitive view on
precisely what the biochemical signal to sleep during sleep
deprivation is—clearly this is fundamental, and there could
be multiple signals which include adenosine accumulating
extracellularly in the basal forebrain (Porkka-Heiskanen,
2013). The POA neurons are regulated by homeostatic,
circadian and metabolic inputs (e.g., satiety promotes sleep;
Kapás and Szentirmai, 2014; Eban-Rothschild and de Lecea,
2017), but what these inputs precisely are unknown. In mice,
heterogeneous types of preoptic GABAergic neurons co-release
peptides such as CCK and dynorphin to initiate NREM
sleep (Chung et al., 2017). The function of the peptides is
unknown. Other GABAergic neurons in an (undefined) POA
region of the mice, including ones that co-release galanin,
can promote wakefulness (Chung et al., 2017; Figure 1A).
There remains considerable work to delineate the POA and
how it integrates and outputs all of its homeostatic functions
(e.g., sleep-wake, body temperature, electrolyte balance,
aggression, sex). It is not understood how the brain moves

from NREM to REM sleep and back again, or even why it
wakes up.

THE PURPOSE OF SLEEP

The purpose of sleep remains a mystery, but everyone agrees,
and indeed knows from their own experience, that sleep seems
restorative (Walker, 2017). Indeed, the homeostatic sleep drive
ensures that there is a restoration to partially catch up on
lost sleep. The restoration hypotheses encompass cognitive
memory and rebalancing synaptic strengths, motor performance,
metabolite clearance, the immune system and in setting the
level of metabolism or optimizing energy allocation to different
organs and processes (Vyazovskiy and Harris, 2013; Xie et al.,
2013; Schmidt, 2014; Schmid et al., 2015; Mander et al., 2016;
Cirelli and Tononi, 2017; Walker, 2017). The timing of sleep
onset and its end is, in part, believed to be determined by when
homeostatic corrections are needed or have been completed,
and partly on the circadian cycle (Borbély et al., 2016). In fact,
the best way to induce deep sleep is by sleep deprivation. If
sleep deprivation is extreme enough, deep sleep is unavoidable
and this drive to sleep overrides any wake-promoting effect
from the circadian system. Sleep deprivation is not a healthy
or convenient way to comfortably induce sleep, but it is a
physiological route whose mechanism might 1 day be mimicked
by an, as yet, undeveloped drug once we know more about
the circuitry involved. Meanwhile, there are several good drugs
already available, which as we shall see in the next sections,
selectively intervene with the wake-promoting neuromodulators
histamine and NA to induce NREM sleep.

SLEEPING MEDICATION AND SEDATIVES

Sedative drugs are used both to treat insomnia (Nutt and Stahl,
2010; Greenblatt and Roth, 2012; Wisden et al., 2017), but also
for investigative procedures and in long-term intensive care
(Ramsay et al., 1974). For primary insomnia, the current clinical
recommendation is to try cognitive behavioral therapy before
trying drugs (Trauer et al., 2015; Kripke, 2016). The use of
sleep-promoting drugs for treating primary insomnia has been
criticized on the grounds that these drugs often do not work
much better than placebos and that they undermine health
(Kripke, 2016; Walker, 2017). There is a claim that hypnotics
increase the risk of death by 3–6-fold in otherwise healthy people,
possibly by increasing the susceptibility to infection (Kripke
et al., 2012). This has recently been disputed (Patorno et al.,
2017); a study that data-mined the clinical outcomes of over
1.2 million people in a de-identified commercial database found
no evidence that benzodiazepines increased mortality (Patorno
et al., 2017). The use of sedatives in the intensive care context
is uncontroversial. Sedatives administered during intensive care
help patient compliance, reduce patient distress and delirium,
and promote sleep.

Operationally and experimentally, the sedated state comprises
a reduced movement and eyes closed (for humans), an increase
in slow (0.5–4.5 Hz) oscillatory δ power in the EEG, reduced
breathing rate, and reduced body temperature, but still with
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functional respiratory and brainstem circuitry and slow cognitive
responsiveness. It is usually possible to be aroused from sedation,
just like from natural sleep. Chemically-induced NREM-like
sleep (i.e., sedation) is not identical to natural NREM sleep.
But various types of sedatives/sleeping medications do work
at selective nodes of the sleep-wake circuitry to induce states
partially resembling aspects of NREM sleep (see below).

Beyond sedation, there is surgical general anesthesia (Franks,
2008; Brown et al., 2010; Mashour and Hudetz, 2017). This
is a state where the patient or animal is unconscious,
immobile, and insensitive to pain. Brain stem and hypothalamic
reflexes are inhibited and patients need active support of their
cardiorespiratory and thermoregulatory systems (Brown et al.,
2010) General anesthesia does not resemble sleep (Akeju and
Brown, 2017). In these general anesthetic states, the EEG is either
flat (isoelectric) or exhibits ‘‘burst suppression’’—large amplitude
fast spikes interspersed with a flat EEG (Brown et al., 2010).
A good illustration of burst suppression recorded in the EEG
under general anesthesia can be seen in Figure 6iii in the study
of Reynolds et al. (2003), and in Figure 1 from Brown et al.
(2010).

General anesthesia emerges from both top down (neocortical)
and bottom up anesthetic-induced inhibition of many types of
circuitry (Mashour and Hudetz, 2017). Under general anesthesia
the subject cannot be aroused, except when the drug is wearing
off (after clearance and metabolism) or by terminating its
action with an antagonist. In laboratory rodents, stimulating the
noradrenergic locus coeruleus (LC) or dopaminergic neurons
in the ventral tegmental area (VTA) induces arousal from the
anesthetized state (Vazey and Aston-Jones, 2014; Taylor et al.,
2016). Thus, neuromodulators that promote wakefulness under
natural conditions, if they are released at sufficiently high levels,
such as provoked by chemogenetic or optogenetic stimulation,
are powerful enough to overcome the general anesthetic effects
of artificially strong GABAergic inhibition.

HISTAMINE AND WAKEFULNESS

Histamine stimulates aspects of wakefulness, such as motivation
and cognition (Haas and Panula, 2003; Anaclet et al., 2009;
Torrealba et al., 2012). Selective pharmacogenetic stimulation
of histamine neurons promotes increased movement (Yu et al.,
2015). Even before it was discovered that histamine was a
transmitter in the brain, anti-histamines (i.e., H1 receptor
antagonists) were noted to be sedatives (Monnier et al., 1967;
Nicholson et al., 1991). H1 receptor antagonists, for example
doxepin (a selective H1 antagonist at low concentrations),
are making a comeback to treat primary insomnia (Yeung
et al., 2015). Mice without the histamine synthesizing enzyme
histidine decarboxylase (hdc) become easily drowsy in novel
environments (Parmentier et al., 2002), although the effect
is most pronounced at the diurnal light to dark transition,
where hdc knockout mouse fail to show the usual increase
in activity. The mismatch in phenotypes between acute
pharmacology (H1 receptor antagonist) and chronic hdc
gene knockouts, suggest compensations in the knockouts. In
fact, selective optogenetic inhibition of histamine neurons

produces an immediate transition to NREM sleep (Fujita et al.,
2017).

Histamine neurons are located solely in a posterior
hypothalamic area, the tuberomammillary nucleus (TMN),
and send their axons throughout the brain (Panula et al., 1984;
Köhler et al., 1985; Staines et al., 1987; Wada et al., 1991;
Figure 1A). In the rat, there are about 2500 histamine neurons
on each side of the brain (Köhler et al., 1985). Units in the
TMN area, presumably the histamine neurons, seem selectively
wake-active, and they start to fire, at around 5 Hz, just after
wakefulness commences, so histamine neurons do not initiate
wakefulness per se (Takahashi et al., 2006; Sakai et al., 2010). The
vigilance-state dependence of histamine neurons has not been
tested with genetically specified recordings, e.g., with GCaMP
photometry selectively for histamine neurons, so it is possible
that some of the wake-active neurons in the TMN area are not
histamine neurons. There are other neuronal types in the TMN
area (Figure 1B), glutamatergic and GABAergic neurons, and
the vigilance state-dependent firing of these cells, or their precise
identity has not been elucidated.

Wake-active hypocretin/orexin neurons provide a major
excitatory drive onto histamine neurons (Eriksson et al.,
2001; Schöne et al., 2014), and this could be a key way
that orexin promotes arousal, amplifying its effects through
the histamine system. On the other hand, in hdc knockout
mice optogenetic stimulation of hypocretin/orexin neurons
still promotes wakefulness from NREM sleep (Carter et al.,
2009), so this wake-promoting route from orexin via histamine
neurons has probably been compensated for in the long-term
knock-out mice. Systemic administration of a dual orexin
receptor antagonist, DORA-22, a hypnotic, acutely reduces
histamine levels in multiple brain regions (prefrontal cortex
(PFC), lateral hypothalamus), again emphasizing the difference
in outcome between chronic genetic knockouts and acute
pharmacological manipulations (Yao et al., 2017).

There are few histamine synapses (Takagi et al., 1986),
and histamine’s main action is by volume transmission (Haas
and Panula, 2003; Fuxe et al., 2010). Histamine is cleared
from the extracellular space by reuptake into astrocytes by
a transporter, the organic cation transporter 3, and then
inactivated by methylation by histamine N-methyltransferase
(Haas and Panula, 2003; Yoshikawa et al., 2013), which is found
in the cytosol of astrocytes (Yoshikawa et al., 2013). As usual
with modulatory actions, histamine excites neuronal networks in
diverse ways: many small excitatory effects on different cell types
and synaptic inputs sum into arousal-promoting effects (Bolam
and Ellender, 2016).

Histamine activates excitatory metabotropic H1 and
H2 receptors to trigger increases in Ca2+ and cAMP respectively
(Panula et al., 2015). Effects of metabotropic histamine excitation
include membrane depolarization and phosphorylation of
voltage-gated K+ channels or decreasing the activity of K+ leak
channels (Atzori et al., 2000; Ellender et al., 2011; Vu et al.,
2015; Bolam and Ellender, 2016). H3 receptors, inhibitory
metabotropic receptors that inhibit voltage-activated Ca2+

channels, are on the terminals of many types of neurons, as
well as histaminergic axons themselves, which lead to reduced
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transmitter release of e.g., acetylcholine, GABA, glutamate and
histamine (Panula et al., 2015).

There is likely to be feedback from the PFC down onto the
ascending arousal systems. Prefrontal pyramidal neurons send
glutamatergic projections to the histamine and other aminergic
systems, where they could activate local inhibitory interneurons
that then reduce the activity of the ascending aminergic cells
(Wouterlood et al., 1987; Sara and Hervé-Minvielle, 1995;
Riveros et al., 2015). There is also believed to be direct positive
feedback from the PFC onto histamine neurons (Riveros et al.,
2015). No circuitry details are available, and this needs to be
elucidated with functional mapping.

LOCAL CIRCADIAN CLOCK REGULATION
OF HISTAMINE PRODUCTION

The histamine system is under local circadian control by the
core circadian transcription factor BMAL1. The mRNA levels
of the gene encoding the enzyme which makes histamine,
HDC, varies with time of day (Yu et al., 2014), giving a clear
difference in immunocytochemical staining for HDC depending
on time of day, the levels of protein being highest during
the ‘‘lights off’’ or dark period in the animal house (Yu
et al., 2014; Figure 2A). In mice, the level of hdc mRNA
anticipates this peaking of protein levels, with highest hdc
transcription just before the dark period, and giving an increase
in the apparent number of HDC immunopositive cells during
the dark period (McGregor et al., 2017), probably because of the
levels of HDC protein oscillating, and going below the detection
limit for immunocytochemistry in some cells during the light
period.

Selective deletion of the mouse Bmal1 gene from the
mouse histaminergic neurons abolishes the diurnal oscillation
of hdc transcript levels, causing a sustained higher level of hdc
transcription (Yu et al., 2014), so that HDC protein levels remain
elevated, flattening out histamine levels in the brain. The result
is that histamine levels are higher during the ‘‘rest period’’ of
the mice so that they have severe sleep-wake fragmentation,
with intrusions of wakefulness into sleep (Yu et al., 2014).
These oscillations are probably coordinated by the master
clock in the suprachiasmatic nucleus (SCN) in the anterior
hypothalamus.

Dopamine production in the VTA is also regulated by
a local circadian clock (Chung et al., 2014). Levels of the
enzyme tyrosine hydroxylase (TH) in VTA dopamine neurons
are under control of local clock transcription factors. TH
protein levels are highest during the active period of the
mice (Chung et al., 2014; Figures 2B,C). In fact, local
circadian clocks are ubiquitous in the brain (Kyriacou and
Hastings, 2010), probably serving to amplify the circadian
signals from the SCN master clock, and ensuring that
optimal levels of transmitters or circuit functions are available
during particular behaviors, for example, in the case of
histamine, ensuring that histamine-dependent neuromodulation
is optimized during the period when animals are most active
(Figure 2).

FIGURE 2 | Histamine and dopamine synthesis are under local circadian
control. (A) During the less active period (the “lights on” period) of mice, the
dopaminergic and histaminergic cells have lower levels of transmitter synthesis
for dopamine and histamine because the levels of tyrosine hydroxylase (TH) in
the ventral tegmental area (VTA) and histidine decarboxylase (HDC) in the TMN
are lower. The gene expression levels are controlled by clock genes in local
circadian processes coordinated by the suprachiasmatic nucleus (SCN).
(B) During the more active period of mice, the dark period, in histamine and
dopamine cells levels of the TH and HDC proteins are higher, giving the
potential for more transmitter release. (C) The relative levels of HDC and TH
enzymes, as detected by immunoreactivity (IR) are shown schematically at the
different times of day. Adapted from Chung et al. (2014) and Yu et al. (2014).

HISTAMINE-GABA CO-RELEASE

Neurons often co-release different transmitters (Tritsch et al.,
2016; Ma et al., 2018). For example, excitatory orexin neurons
release both glutamate and orexin onto the histamine neurons
(Schöne et al., 2014; Schöne and Burdakov, 2017). In turn,
some histamine neurons have the capacity to synthesize GABA
(Vincent et al., 1983; Takeda et al., 1984; Köhler et al., 1985), and
express the vgat gene (Yu et al., 2015), whose protein transports
GABA into synaptic vesicles. Histamine is transported via the
vesicular monoamine transporter (VMAT) protein into vesicles.
These neurons co-release GABA with histamine. It is not clear if
the transmitters are in the same vesicles or separate ‘‘histamine-
only’’ and ‘‘GABA-only’’ vesicles. Optogenetic activation of
genetically specified histaminergic axons in the neocortex
triggers non-synaptic GABA release (which still occurs in the
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presence of histamine receptor antagonists and is thus not due
to histamine activating GABAergic interneurons, which in turn
would release GABA; Yu et al., 2015).

The GABA released from histamine axons activates
predominantly extrasynaptic GABAA receptors to produce
a tonic inhibition, which is a form of GABAA receptor inhibition
that is not precisely time locked, and provides a form of
gain control to the circuitry (Brickley and Mody, 2012; Yu
et al., 2015). This tonic inhibition by GABA originating from
histamine axons is, like the histamine signal, a form of volume
transmission broadcast throughout the network. We proposed
that this tonic inhibition might sharpen cognition/arousal by
increasing the precision of action potential timing (Bright et al.,
2007; Duguid et al., 2012; Wlodarczyk et al., 2013). The diffuse
GABA originating from the histamine axons might also act as
a break on wakefulness. Mice with vgat expression selectively
knocked down in histamine neurons are considerably more
active during the ‘‘lights-off’’/dark period (Yu et al., 2015).

Not all histamine neurons release GABA, but their effect
is passed on as inhibitory at the local network level because
these ‘‘histamine only’’ axons excite GABAergic cells in the
preoptic hypothalamus (Williams et al., 2014). Whether these
GABA neurons are the interneuron GABA cells, which are
in turn inhibiting sleep-active GABA cells (Liu et al., 2010),
or are the ascending GABAergic cells from the preoptic
hypothalamus which promote wakefulness (Chung et al., 2017),
is unclear. A histaminergic projection from the TMN goes to
the basal forebrain, a small nucleus in the vicinity of the POA
(Figure 1A). In the basal forebrain, various types of neuron,
GABA, acetylcholine and glutamate send axons to the neocortex
to promote wakefulness (Xu et al., 2015; Jones, 2017; Yang et al.,
2017). Lesioning the cholinergic basal forebrain neurons reduces
histamine’s ability to promote wakefulness (Zant et al., 2012;
Figure 1A). On these cholinergic neurons, histamine activates
H1 receptors that then close leak TASK3 potassium channels,
thus causing depolarization and activation of these cholinergic
cells, and hence more wakefulness (an increase in high frequency
EEG frequencies; Vu et al., 2015). Given that histamine fibers
are found throughout the neocortex and hippocampus, there
are probably parallel routes by which histamine promotes
wakefulness, independent of the basal forebrain. To sum up, in
this section, we have seen how effective the histamine system is
in maintaining wakefulness. In the next sections, we will examine
how selective inhibition of this ‘‘histamine hub’’ by drugs can
promote sleep.

GABAA RECEPTOR POSITIVE
ALLOSTERIC MODULATORS—ZOLPIDEM,
THE MOST COMMONLY USED SLEEPING
MEDICATION

For primary insomniacs, those people that cannot get to sleep,
and who do not succeed with cognitive behavioral therapy,
the most popular (controlled) drug is an imidazopyridine
compound, zolpidem (Ambien; Arbilla et al., 1985; Depoortere
et al., 1986; Nicholson and Pascoe, 1986; Nutt and Stahl, 2010;

Wisden et al., 2017). Previously, benzodiazepines, and before that
barbiturates, were often the main drugs used to treat insomnia
but they produced many off-target effects (Wisden et al., 2017).
In contrast to most benzodiazepines, zolpidem has a rapid onset
and short plasma half-life, giving it reduced ‘‘hangover effects’’
(Nutt and Stahl, 2010). There is, however, a risk of addiction
(Janhsen et al., 2015). And especially for the elderly, there is a risk
that taking zolpidem promotes falls and accidents if awakening
occurs on the drug, although less so than for patients taking
benzodiazepines (Allain et al., 2005).

Like benzodiazepines and barbiturates, zolpidem is a
positive allosteric modulator at GABAA receptors, which are
GABA-gated chloride channels, but unlike benzodiazepines it
works on a more limited range of GABAA receptor subtypes,
namely α1βγ2, α2βγ2 and α3βγ2-type GABAA receptors,
with a 20-fold preference in affinity for α1βγ2-type receptors
(Pritchett and Seeburg, 1990). In practice, this means that
zolpidem will probably work on all three GABAA receptor
subtypes in vivo. In the clinic, to counter the actions of any
overdoses of benzodiazepines or zolpidem, their actions can
be reversed by administering the benzodiazepine antagonist
flumazenil (McCloy, 1995; Whitwam and Amrein, 1995). This
drug binds to the same site between the α and γ2 subunits
as the benzodiazepines and zolpidem (Wisden et al., 2009,
2017). Zolpidem does not gate the receptor alone, but requires
GABA to be also bound at the receptor (Wisden et al., 2009).
Zolpidem increases GABA’s efficacy at the receptor. Thus, for
zolpidem to work, ongoing GABAergic transmission is required.
The action of zolpidem is quite subtle in boosting this ongoing
transmission. Zolpidem prolongs the duration of inhibitory
postsynaptic currents by about 50% (Cope et al., 2004).

In humans, zolpidem’s net effect is to reduce the onset time
(latency) to NREM sleep (Greenblatt and Roth, 2012). In animals
and humans, zolpidem-induced NREM sleep is lighter than
natural NREM. The power of the EEG in the frequency ranges
5–16 Hz is lower with zolpidem compared with natural NREM
sleep, and in the β range (centered around 20 Hz) it is higher
(Kopp et al., 2004; Uygun et al., 2016). Nevertheless, zolpidem
induces synchronization in the 2–4 Hz (γ) range of frequencies.
Pragmatically, it is unclear if these differences in the ‘‘zolpidem
EEG’’ and the natural ‘‘NREM sleep’’ EEG are important. But
there is a view that a perfect sedative would induce the natural
NREM sleep state (Walker, 2017).

ZOLPIDEM AND THE SUPPRESSION OF
THE WAKE-PROMOTING HISTAMINE
SYSTEM

The GABAA receptors that are enhanced by zolpidem are
expressed widely in the brain (Laurie et al., 1992; Wisden
et al., 1992; Fritschy and Mohler, 1995). It might be thought
that zolpidem acts all over the brain to induce NREM sleep,
with IPSCs at many types of synapses throughout the brain
summating to induce a non-specific state of sedation. However,
this is not necessarily the case. A drug that can inhibit the
hub-like arousal promoting neurons will be able to exert
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particular influence, because neurons such as histamine have a
disproportionate effect on brain vigilance states (Wada et al.,
1991). Surprisingly, chronically removing, by genetic ablation,
the GABAA receptors selectively from histamine neurons had no
effect at all on the basal sleep wake cycle—the only phenotype
was the mice took longer to go to sleep in a novel environment
(Zecharia et al., 2012). As in other instances, the lack of effect
on the sleep-wake cycle was probably another example of
compensation resulting from chronic loss of a component. The
system has time to adapt and implement other strategies. This
plasticity is interesting and remarkable, but usually tends to be
regarded as a confound in the interpretation of studies. In fact,
injecting muscimol into the posterior hypothalamus of cats and
rats induces NREM sleep/sedation (Lin et al., 1989; Nelson et al.,
2003).

A customized pharmacogenetic approach enabled us to
specifically examine the whole animal effects of reversibly
increasing GABAA receptor function, cell type selectively. By
mutating a key amino acid (F77 changed to I77) in the GABAA
receptor γ2 subunit gene contributing to the zolpidem binding
site, γ2F77I knock-in mice were made. In these mice, all of
their GABAA receptors are insensitive to zolpidem but still
respond normally to GABA (Cope et al., 2004; Wulff et al., 2007).
The zolpidem-sensitive γ2F77 subunit can then be selectively
genetically swapped into selected neural cell types, such that
the GABA inputs onto these cell types then become selectively
zolpidem-sensitive (Wulff et al., 2007; Wisden et al., 2009). If
this approach is done for histamine neurons in the TMN to
make histamine neurons selectively zolpidem sensitive, and then
zolpidem is given systemically to these mice, the latency to
NREM sleep is strongly reduced (Uygun et al., 2016). Thus, a
slight (50%) prolongation of the GABAergic IPSCs by zolpidem
onto the histamine neurons, thus increasing the GABAergic drive
onto these cells, is enough to increase the probability that the
animals will enter NREM sleep and also double the amount of
NREM sleep (Uygun et al., 2016). This fits with the original
proposal that natural NREM sleep is in part induced by increased
GABAergic drive onto histamine (and other aminergic neuronal
types) to induce sleep (Sherin et al., 1996; Saper et al., 2010;
Figure 1B). Of course, this does not mean that zolpidem actually
works like this; probably various pathways are influenced by
zolpidem, but at least in principle, zolpidem does not need
to work all over the brain to trigger sedation. As discussed
above, because of the dense inter-connectivity of the brain,
triggering a chemogenetic response by inhibiting or activating a
particular cell type does not necessarily imply that this cell type is
involved in that behavior, or that a physiological process is being
mimicked (Otchy et al., 2015).

Another feature of this zolpidem-induced NREM sleep by
selectively increasing the inhibition of histamine neurons, is
that its EEG power is the same as that of natural NREM sleep
(Uygun et al., 2016). In contrast, the NREM sleep evoked by
zolpidem when zolpidem can act on receptors throughout the
brain has lower power than natural NREM sleep in the range
above 5 Hz, and is higher in the 20 Hz range (Winsky-Sommerer,
2009; Uygun et al., 2016). This could mean zolpidem-induced
sleep is less deep than natural sleep. So selectively inhibition

of histamine neurons might allow a more natural NREM sleep
to emerge (Uygun et al., 2016). Fitting with these experiments,
acute optogenetic silencing of histamine neurons in vivo with
Archaerhodopsin causes awake mice to transition to NREM
sleep (Fujita et al., 2017). Consistent with the experiments on
selectively-zolpidem-sensitive neurons producing natural NREM
sleep (Uygun et al., 2016), the EEG power of the NREM sleep
evoked by opto-silencing of histamine neurons also resembles the
power found in natural NREM sleep (Fujita et al., 2017).

NA AND WAKEFULNESS

If selectively inhibiting the histamine system by zolpidem leads
to sleep (Uygun et al., 2016), then something similar might
happen when the LC, which is the main pathway that provides
the neuromodulator NA into the neocortex, is also repressed.
The LC comprises a group of noradrenergic neurons with
widespread projections (Berridge and Waterhouse, 2003; España
and Berridge, 2006; Sara and Bouret, 2012; Carter et al., 2013;
Schwarz and Luo, 2015; Aston-Jones and Waterhouse, 2016).
Similar to the histamine system, the LC is wake-active, and its
neurons start to fire just before the onset of wake (Saper et al.,
2010; Takahashi et al., 2010). During active wakefulness the LC
neurons fire at less than 6 Hz, less so during quiet wakefulness,
and are silent during NREM and REM sleep; just before the onset
of NREM sleep, their activity ceases (Takahashi et al., 2010).

An individual LC neuron send projections to many different
brain areas (e.g., preoptic hypothalamus, olfactory bulb, cortex
and cerebellum), emphasizing that these noradrenergic neurons
will globally influence brain state by releasing NA simultaneously
throughout the brain (Schwarz et al., 2015). LC neurons fire
when an animal is exposed to environmental novelty, and LC
activity helps the consolidation of memories in the hippocampus,
although surprisingly this effect is due to dopamine release
from LC axons, rather than NA (Takeuchi et al., 2016). LC
neurons can also co-release other compounds, such as galanin
peptide, generally considered as an inhibitory peptide. NA acts
on three classes of metabotropic receptor, α1, β and α2 (Bylund
et al., 1994; Hein, 2006). The α1 and β receptor class promote
excitatory second messenger actions, but the noradrenergic
system has an inhibitory component—the α2 type receptors (see
‘‘The α2 Adrenergic Sedatives Dexmedetomidine, Guanfacine
and Xylazine’’ section).

There have been many studies on lesioning the LC. The
collective result is that long-term LC-lesioned animals have
normal wakefulness and sleep (Jones et al., 1977). Straight after
an LC lesion, rats have a decrease in waking as measured by
the EEG, but over a 4 day period they recover normal levels of
wakefulness (Lidbrink, 1974), again illustrating the remarkable
plasticity of the brain, and the interconnected and plasticity
of brain modulatory systems. Indeed, a triple lesion of basal
forebrain cholinergic neurons, histaminergic neurons and LC
neurons using saporin-conjugated neurotoxins did not alter the
sleep-wake cycle of rats, the only difference being the rats slept
more at the light-dark transition of the 12:12 light dark cycle,
instead of becoming more active (Blanco-Centurion et al., 2007).
There are still some cholinergic, histaminergic and noradrenergic
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neurons left in these animals, and given their extensive
projections, this could account for the lack of effect.

The clearest ‘‘sleep phenotype’’ in long-term LC lesioned
animals is that they fall asleep more quickly in a novel
environment (Gompf et al., 2010), a result also found
when GABAA receptor inhibition is genetically removed from
histamine neurons (Zecharia et al., 2012). Knockout of the
dopamine β-hydroxylase gene in mice, and hence eliminating
NA, also does not alter sleep-wake cycles, again implying
compensation and redundancy (Hunsley et al., 2006). In contrast
to the chronic lesions, acute manipulation of the LC gives
different results (Carter et al., 2010, 2013). Stimulating the
noradrenergic LC optogenetically at 5 Hz induces arousal
(Carter et al., 2010), and can trigger wakefulness from
NREM sleep (Carter et al., 2010) and activating LC neurons
chemogenetically with the clozapine-N-oxide (CNO)-Designer
Receptors Exclusively Activated by Designer Drugs (DREADD)
system can trigger arousal from general anesthesia (Vazey and
Aston-Jones, 2014).

As with histamine, NA is a modulator acting across the whole
brain: NA has simultaneously excitatory and inhibitory (by the
α2 receptors) actions on neurons, astrocytes, microglia and
capillaries (O’Donnell et al., 2012). Ironically, although the NA
system produces wakefulness and deepens cognition, selectively
pharmacologically activating the inhibitory noradrenergic
receptors with α2-selective ligands, e.g., dexmedetomidine
(DEX), produces deep NREM sleep, hypothermia, and vascular
dilation. So, within the arousal-promoting function of NA there
is a latent hypothermic and sleep-promoting mechanism too.
Most importantly, the state induced by DEX is a type of deep but
arousable sedation (Maze et al., 2001; Venn and Grounds, 2001).

THE α2 ADRENERGIC SEDATIVES
DEXMEDETOMIDINE, GUANFACINE AND
XYLAZINE

For sedation in hospital intensive care clinics, a deeper form
of sedation, ‘‘cooperative sedation’’, is required than the sleep
obtained with zolpidem. For this purpose, the α2 adrenergic
agonist DEX is popular, and given intravenously (MacDonald
et al., 1988; Virtanen et al., 1988; Maze et al., 2001; Venn and
Grounds, 2001; Jakob et al., 2012; Adams et al., 2013; Akeju
and Brown, 2017; Weerink et al., 2017); in the USA DEX is
known by its trade name Precedex, and in Europe as Dexdor
(Weerink et al., 2017). DEX produces a NREM sleep-like state
in rodents (Seidel et al., 1995; Bol et al., 1997; Gelegen et al.,
2014), and a NREM stage 2-like sleep in humans (Huupponen
et al., 2008; Mason et al., 2009; Akeju and Brown, 2017). Patients
sedated with DEX have reduced risk of developing delirium, a
state ofmental confusion and exhaustion that often develops with
sedatives given chronically in the intensive care unit (Ramsay
et al., 1974).

DEX, xylazine and guanfacine, all potent sedatives, are
selective agonists at α2 adrenergic receptors (Virtanen, 1989;
Savola and Virtanen, 1991; Jasper et al., 1998)—metabotropic
G-protein coupled receptors coupled primarily to Gi proteins
(Bylund et al., 1994; Jasper et al., 1998). There are three receptors

α2 receptor subtypes expressed in the brain: α2a, α2b and α2c
(Hein, 2006). Being mostly Gi-coupled, α2 adrenergic receptor
activation is generally inhibitory, reducing cAMP synthesis,
and causing opening of K+ channels or inhibition of AMPA
glutamate-gated channels (Aghajanian and VanderMaelen, 1982;
Franks, 2008; Ishii et al., 2008; Lur and Higley, 2015). Most often,
the α2 receptor class is found on neuronal terminals, including
noradrenergic LC axons, but also onmany other types of neuron,
and acts to reduce transmitter release (Matsuo et al., 2003; Shields
et al., 2009; Hara et al., 2016). The prototype drug clonidine
also produces sedation and works through these α2 adrenergic
receptors, but activates other types of metabotropic receptor too.

Only the α2a receptor is needed for DEX’s and other
α2 agonists sedative, hypothermic and antinociceptive actions.
Mice with a functional α2a knockout (actually a point
mutation in the amino acid sequence that renders the receptor
dysfunctional) cannot be sedated with DEX, nor can DEX
induce hypothermia or block painful sensations in these animals
(Hunter et al., 1997; Lakhlani et al., 1997; Malmberg et al.,
2001). In the α2B and α2C knockout mice, DEX still induces
full sedation, hypothermia and antinociception (Hunter et al.,
1997), ruling these receptors out as targets for DEX’s sedative
actions. In fact, even a heterozygote of the α2a knockout mouse
is insensitive to DEX (Tan et al., 2002), revealing a pronounced
haploid insufficiency of the allele. Half the amount of wild-type
α2a mRNA provides insufficient receptor. A downstream ion
channel target for DEX’s actions via α2a receptors is the
TASK1 potassium leak channel (Linden et al., 2006): DEX’s
ability to induce sedation and hypothermia is diminished
significantly in mice lacking TASK1 channels (Linden et al.,
2006).

CHALLENGING THE ASSUMPTION THAT
α2a AUTORECEPTORS ON THE LC
MEDIATE THE SEDATIVE ACTIONS OF
α2 ADRENERGIC AGONISTS

There is a widespread assumption in the field that α2a
autoreceptors on the LC neurons are responsible for DEX’s,
clonidine’s, guanfacine’s and xylazine’s actions as sedatives,
switching off or dampening down NA release from the LC.
Indeed, DEX and clonidine both inhibit the LC neurons through
α2 receptors (Aghajanian and VanderMaelen, 1982; Lakhlani
et al., 1997; Zhang et al., 2015)—knocking α2a receptors down
or out in the LC abolished DEX receptor-mediated inhibition
of these neurons (Lakhlani et al., 1997; Zhang et al., 2015). But,
NREM-like sedation (increased δ power, immobility, lower body
temperature) is still induced by DEX in rats with noradrenergic
transmission mostly abolished because of toxin depletion of
noradrenergic stores (Segal et al., 1988), and in dopamine-β-
hydroxylase-knockout mice or α2a receptor knockout animals
(Gilsbach et al., 2009; Hu et al., 2012), or mice with α2a
receptors selectively functionally removed from the LC by
shRNA knockdown (Zhang et al., 2015). All these findings
suggest α2 drugs can work elsewhere in the brain than on the LC
to induce the NREM-like sedation. Injection of α2 drugs directly
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FIGURE 3 | Activity-tagging demonstrates that the α2 adrenergic agonist dexmedetomidine (DEX) induces NREM sleep and hypothermia by activating neurons in
the POA of the hypothalamus. (A) The activity-tagging system is shown as a simplified construct of a c-fos promoter-linked to a DREADD receptor hM3Dq-mCherry
reading frame. This DNA construct is transduced into neurons of the preoptic hypothalamus by viral injection. (B) A saline injection into these mice produces or does
not change the background of c-fos-hM3Dq receptor expression in the preoptic neurons. Thus when a few days after the saline injection the mice are injected with
clozapine-N-oxide (CNO), the few excited neurons cause little change in either the vigilance state of the mice or their body temperature (right hand-graphs show
temperature and electroencephalogram (EEG) power spectrum). When the mice are given a sedative dose of DEX it excites neurons in the POA, causing these to
command a NREM-like state and hypothermia (for example, the NREM sleep could be induced by inhibitory projections to the histamine area, the TMN, or the VTA.
In the DEX-activated neurons of the POA, a pulse of c-fos driven hM3Dq receptor is made during the DEX induced-sedation. When CNO is given to the mice a few
days later, the tagged preoptic neurons are reactivated/excited by CNO and induce NREM sleep and hypothermia. Giving CNO to naïve mice not expressing the
CNO receptor has no effect on the EEG or body temperature (Zhang et al., 2015). (C) Our hypothesized mechanism for DEX to act in the hypothalamus by
dis-inhibition of local sleep-promoting GABAergic neurons. These local GABA neurons are predicted to inhibit the GABA neurons which induce NREM sleep by
sending projections to the ascending aminergic neurons. DEX activates α2a receptors on, for example, the terminals of the local inhibitory GABA neurons to reduce
GABA release onto GABA projection neurons. The GABA projection neurons would then be more excitable and could inhibit the ascending arousal neurons (e.g.,
histamine neurons in the TMN area and dopamine neurons n the VTA). The disinhibition of these GABAergic projection neurons causes them to express the c-fos
gene, allowing them to be activity-tagged.

into the POA induces both NREM sleep and hypothermia
(Quan et al., 1992; Alam and Mallick, 1994). Therefore, it seems
the α2a receptors must be on terminals of neurons other than the
LC or on some neurons within the POA. To get at this problem,
our lab used c-fos dependent activity-tagging (Zhang et al., 2015;
Figure 3).

THE HYPOTHALAMIC PREOPTIC AREA
AND α2 ADRENERGIC AGONIST
INDUCED-SLEEP

The preoptic hypothalamic area contains a complex mix of wake-
active, sleep-active and vigilance-state independent neurons. The
area is involved in regulating sleep, wake, electrolyte balance,

body temperature and sex amongst other things (Szymusiak et al.,
2007; see ‘‘More on the Preoptic Area and the Induction of
Natural NREM Sleep’’ section). cFOS expression has been used
frequently to define sleep-and wake-active active neurons in the
hypothalamic POA (Szymusiak et al., 2007). After, for example,
sleep deprivation, the subsequent recovery sleep period has many
c-FOS expressing neurons in the POA (Gong et al., 2004). Some
of these neurons are believed to be the GABAergic neurons
which innervate e.g., the histamine neurons in the TMN area and
induce sleep (Sherin et al., 1996; Chung et al., 2017). Similarly,
systemic DEX induces excitation in the preoptic hypothalamic
area, as seen by cFOS expression (Nelson et al., 2003; Zhang et al.,
2015). One study, on the other hand, did not find cFOS was
induced in the POA following DEX-induced sedation (Garrity
et al., 2015).
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FIGURE 4 | Hypothesis for how the α2 adrenergic agonist DEX could induce
postural muscle atonia (and hence loss-of-righting reflex) by engaging the
same brainstem circuitry that causes muscle atonia during REM sleep.
(A) During wakefulness, motor neurons in the spinal cord release acetylcholine
onto skeletal muscle to cause excitation and muscle activity. The motor
neurons are commanded from the motor neocortex, but receive facilitatory
and permissive (dis-inhibitory) neuromodulatory inputs from the noradrenergic
locus coeruleus (LC) and orexinergic neurons in the lateral hypothalamus.
(B) During REM sleep, a group of glutamatergic neurons in the pontine
inhibitory area become active and drive GABAergic interneurons in the
medullary inhibitory area to silence the noradrenergic neurons in the LC and
also the motor neurons in the spinal cord—the net result is muscle atonia.
(C) We hypothesize that DEX could activate α2a receptors, either on the soma
or terminals of the noradrenergic LC neurons to inhibit noradrenaline (NA)
release onto spinal motor neurons. This removes the permissive modulatory
influence on motor neuron excitation. Not all the circuitry is shown, as it is not
known which other cell types have the α2a receptors. Adapted and extended
from McGregor and Siegel (2010), Blumberg (2013) and Zhang et al. (2015).

A technique known as c-fos promoter-based activity-tagging
(also known as TetTagging) can be used to ascertain the necessity
of neurons for a particular physiological response (Reijmers et al.,
2007; Garner et al., 2012). In this method, the c-fos promoter
is linked to an effector gene, such as the clozapine-N-oxide
(CNO)/clozapine-activated DREADD receptor hM3Dq or light-
activated channels (Figure 3A). The construct is kept repressed
by antibiotic treatments, but when the system is de-repressed
by removing antibiotic the c-fos promoter can drive effector
expression. The effector can then be selectively re-activated (e.g.,
with CNO/Clozapine on the DREAD receptor) to excite those
neurons that were previously c-fos active, thus revealing what
these physiologically activated neurons regulate. The scheme is
shown in a simplified way in Figures 3A,B.

Reactivating neurons that became c-FOS-positive during
DEX-induced sedation using the CNO-DREADD system caused
the animals to have strong NREM-like sleep (prominent delta
oscillations in the EEG) as well as pronounced hypothermia
(Zhang et al., 2015; Figure 3B). Thus, the POA neurons were
sufficient for DEX’s sedative response (Zhang et al., 2015).
These are probably the same neurons that respond to sleep
deprivation and command the initiation of recovery sleep, as
revealed by serial activity-tagging experiments on the POA
(Zhang et al., 2015). We suggest that DEX causes local excitation
of these POA sleep-promoting neurons by inhibiting putative
upstream GABAergic neurons (see Figure 3C). The identity
of these putative interneurons is unknown. Other mechanisms
are possible not involving interneurons. In any case, regardless
of how they are activated, the neurons disinhibited by DEX
could be a new avenue of development of a more precise
acting sedative which does not cause hypothermia. In particular,
it will be intriguing to see if the DEX-induced hypothermia
and sleep can be separated to different subsets of POA
neurons.

α2 ADRENERGIC SEDATIVE DRUGS,
LOSS-OF-RIGHTING REFLEX, AND THE
BRAINSTEM CIRCUIT THAT PRODUCES
REM-SLEEP ATONIA/PARALYSIS

As with histamine, NA contributes to the complex phenomenon
of wakefulness (Arnsten et al., 2012), but switching off the LC
acutely by overstimulation (frequencies greater than 5 Hz), and
thus probably depleting transmitter vesicles, does not induce
sleep but a frozen state with muscle atonia (Carter et al.,
2010). LC neurons receive diverse inputs, but some of the most
predominant inputs come from motor areas (Schwarz et al.,
2015). In fact, some researchers speculate that although the LC
does support the diverse aspects of arousal and wakefulness, these
actions are dispensable and replaceable by other modulators, but
NA’s most prominent effect is to be permissive for generation of
skeletal muscle tone i.e., allowing spinal motor neurons to fire
action potentials (Siegel, 2006). Evidence in support of this come
from the condition of cataplexy. In cataplexy animals and human
patients can suddenly lose postural muscle tone (atonia)—they
collapse, but remain conscious and can remember the events.
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In dogs suffering from a cataplexic episodes, histamine neurons
remain active in the cataplexy attack, whereas noradrenergic
(and serotonergic) neurons cease discharge or greatly reduce
their activity (Wu et al., 1999; John et al., 2004). Thus, the
LC neurons are particularly involved in maintaining aspects of
arousal concerning postural muscle tone but are dispensable for
wakefulness per se.

A state termed loss-of-righting reflex, resembling postural
muscle atonia, is induced by DEX when the dose of the drug is
increased beyond the minimum sedative dose. Loss-of-righting
reflex in animals is often considered to be an anesthetic endpoint
that correlates with loss of consciousness in humans (Franks,
2008). In the case of DEX, however, we suggest that the specific
mechanism for loss-of-righting reflex could be a REM-like
atonia/paralysis.

During wakefulness, descending noradrenergic axons from
the LC and orexin neurons provide positive modulation of
spinal motor neurons that excite the skeletal muscles (McGregor
and Siegel, 2010; Rank et al., 2011; Blumberg, 2013; Fraigne
et al., 2015; Figure 4A). NA, by activating α1a receptors,
promotes the excitability of spinal motor neurons by triggering
calcium-mediated-persistent inward currents which, in turn,
allow continuous motor neuron firing (Rank et al., 2011).
The spinal motor neurons also receive direct commands from
descending pyramidal neurons in motor cortex.

During normal REM sleep, the LC neurons are inhibited
by GABA neurons that are, in turn, driven by REM-active
glutamatergic neurons in the pontine inhibitory region
(McGregor and Siegel, 2010; Figure 4B). The REM-active
glutamate neurons also drive GABA/glycine interneurons
that in turn inhibit the motor neurons. The combined loss
of LC and orexinergic excitatory input onto motor neurons,
combined with the enhanced GABA drive onto motor neurons
during REM produces the atonia (McGregor and Siegel, 2010;
Blumberg, 2013; Fraigne et al., 2015). This can also work during
DEX induced loss-of-righting reflex: we suggest that if the LC
neurons are silenced by DEX activating α2a receptors on the
LC, then loss of LC tone could allow inhibition onto the motor
neurons to dominate and thus muscle atonia (i.e., paralysis) to

appear, manifesting as loss-of-righting reflex (Zhang et al., 2015;
Figure 4C).

CONCLUSION AND MAJOR GAPS IN
KNOWLEDGE

We are far from a consensus about what makes us fall asleep.
The homeostatic drive to sleep is expressed as changed neuronal
activity (Szymusiak et al., 2007; Zhang et al., 2015), but little
is known about how the drive works at the circuit level. In
this review, we have seen how sedative drugs, by selectively
interfering with two modulatory systems, the histamine system,
and the noradrenergic system, produce different types of sleep:
fairly natural NREM-like sleep in the case of zolpidem selectively
promoting GABAergic drive onto histamine neurons, and a
deeper, but arousable NREM-like sleep, by artificially activating
the inhibitory arm of the noradrenergic system in the case of
adrenergic α2 agonists such as DEX and xylazine. The next
step is to dissect the preoptic hypothalamic circuitry to see
if the sleep-promoting effects of α2 agonists can be separated
from the temperature effects. A sedative that induces deep
sedation without the clinical complications of hypothermia could
be useful. An important physiological question is how are
the preoptic neurons activated by sleep deprivation and the
α2 adrenergic sedatives, and is this a common mechanism?
Understanding what the sleep drive signal is may reveal the
function of sleep and allow the development of the next
generation of sedatives.

AUTHOR CONTRIBUTIONS

XY, NPF and WW co-wrote the manuscript.

FUNDING

This work was supported by the Wellcome Trust
(107839/Z/15/Z, NPF and 107841/Z/15/Z, WW) and BBSRC
(grant BB/K018159/1, NPF and WW).

REFERENCES

Adams, R., Brown, G. T., Davidson, M., Fisher, E., Mathisen, J., Thomson, G., et al.
(2013). Efficacy of dexmedetomidine compared withmidazolam for sedation in
adult intensive care patients: a systematic review. Br. J. Anaesth. 111, 703–710.
doi: 10.1093/bja/aet194

Aghajanian, G. K., and VanderMaelen, C. P. (1982). α 2-adrenoceptor-mediated
hyperpolarization of locus coeruleus neurons: intracellular studies in vivo.
Science 215, 1394–1396. doi: 10.1126/science.6278591

Akeju, O., and Brown, E. N. (2017). Neural oscillations demonstrate that
general anesthesia and sedative states are neurophysiologically distinct
from sleep. Curr. Opin. Neurobiol. 44, 178–185. doi: 10.1016/j.conb.2017.
04.011

Alam, M. N., and Mallick, B. N. (1994). Role of lateral preoptic area
α-1 and α-2 adrenoceptors in sleep-wakefulness and body temperature
regulation. Brain Res. Bull. 35, 171–177. doi: 10.1016/0361-9230(94)
90099-x

Allain, H., Bentué-Ferrer, D., Polard, E., Akwa, Y., and Patat, A. (2005). Postural
instability and consequent falls and hip fractures associated with use of

hypnotics in the elderly: a comparative review. Drugs Aging 22, 749–765.
doi: 10.2165/00002512-200522090-00004

Anaclet, C., Parmentier, R., Ouk, K., Guidon, G., Buda, C., Sastre, J. P., et al. (2009).
Orexin/hypocretin and histamine: distinct roles in the control of wakefulness
demonstrated using knock-out mouse models. J. Neurosci. 29, 14423–14438.
doi: 10.1523/JNEUROSCI.2604-09.2009

Arbilla, S., Depoortere, H., George, P., and Langer, S. Z. (1985). Pharmacological
profile of the imidazopyridine zolpidem at benzodiazepine receptors and
electrocorticogram in rats. Naunyn Schmiedebergs Arch. Pharmacol. 330,
248–251. doi: 10.1007/bf00572441

Arnsten, A. F., Wang, M. J., and Paspalas, C. D. (2012). Neuromodulation of
thought: flexibilities and vulnerabilities in prefrontal cortical network synapses.
Neuron 76, 223–239. doi: 10.1016/j.neuron.2012.08.038

Aston-Jones, G., and Waterhouse, B. (2016). Locus coeruleus: from global
projection system to adaptive regulation of behavior. Brain Res. 1645, 75–78.
doi: 10.1016/j.brainres.2016.03.001

Atzori, M., Lau, D., Tansey, E. P., Chow, A., Ozaita, A., Rudy, B., et al. (2000).
H2 histamine receptor-phosphorylation of Kv3.2 modulates interneuron fast
spiking. Nat. Neurosci. 3, 791–798. doi: 10.1038/77693

Frontiers in Neural Circuits | www.frontiersin.org 12 January 2018 | Volume 12 | Article 4

https://doi.org/10.1093/bja/aet194
https://doi.org/10.1126/science.6278591
https://doi.org/10.1016/j.conb.2017.04.011
https://doi.org/10.1016/j.conb.2017.04.011
https://doi.org/10.1016/0361-9230(94)90099-x
https://doi.org/10.1016/0361-9230(94)90099-x
https://doi.org/10.2165/00002512-200522090-00004
https://doi.org/10.1523/JNEUROSCI.2604-09.2009
https://doi.org/10.1007/bf00572441
https://doi.org/10.1016/j.neuron.2012.08.038
https://doi.org/10.1016/j.brainres.2016.03.001
https://doi.org/10.1038/77693
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles


Yu et al. Neuromodulators, Sleep and Sedative States

Baker, R., Gent, T. C., Yang, Q., Parker, S., Vyssotski, A. L., Wisden, W.,
et al. (2014). Altered activity in the central medial thalamus precedes
changes in the neocortex during transitions into both sleep and propofol
anesthesia. J. Neurosci. 34, 13326–13335. doi: 10.1523/JNEUROSCI.1519-
14.2014.

Berridge, C. W., and Waterhouse, B. D. (2003). The locus coeruleus-
noradrenergic system: modulation of behavioral state and state-dependent
cognitive processes. Brain Res. Rev. 42, 33–84. doi: 10.1016/s0165-0173(03)
00143-7

Blanco-Centurion, C., Gerashchenko, D., and Shiromani, P. J. (2007). Effects of
saporin-induced lesions of three arousal populations on daily levels of sleep and
wake. J. Neurosci. 27, 14041–14048. doi: 10.1523/JNEUROSCI.3217-07.2007

Blumberg, M. S. (2013). Sleep physiology: setting the right tone. Curr. Biol. 23,
R834–836. doi: 10.1016/j.cub.2013.07.040

Bol, C., Danhof, M., Stanski, D. R., and Mandema, J. W. (1997). Pharmacokinetic-
pharmacodynamic characterization of the cardiovascular, hypnotic, EEG and
ventilatory responses to dexmedetomidine in the rat. J. Pharmacol. Exp. Ther.
283, 1051–1058.

Bolam, J. P., and Ellender, T. J. (2016). Histamine and the striatum.
Neuropharmacology 106, 74–84. doi: 10.1016/j.neuropharm.2015.08.013

Borbély, A. A., Daan, S., Wirz-Justice, A., and Deboer, T. (2016). The
two-process model of sleep regulation: a reappraisal. J. Sleep Res. 25, 131–143.
doi: 10.1111/jsr.12371

Brickley, S. G., and Mody, I. (2012). Extrasynaptic GABAA receptors: their
function in the CNS and implications for disease. Neuron 73, 23–34.
doi: 10.1016/j.neuron.2011.12.012

Bright, D. P., Aller, M. I., and Brickley, S. G. (2007). Synaptic release
generates a tonic GABAA receptor-mediated conductance that modulates
burst precision in thalamic relay neurons. J. Neurosci. 27, 2560–2569.
doi: 10.1523/JNEUROSCI.5100-06.2007

Brown, E. N., Lydic, R., and Schiff, N. D. (2010). General anesthesia, sleep and
coma. N. Engl. J. Med. 363, 2638–2650. doi: 10.1056/NEJMra0808281

Bylund, D. B., Eikenberg, D. C., Hieble, J. P., Langer, S. Z., Lefkowitz, R. J.,
Minneman, K. P., et al. (1994). International union of pharmacology
nomenclature of adrenoceptors. Pharmacol. Rev. 46, 121–136.

Carlsson, A. (2001). A paradigm shift in brain research. Science 294, 1021–1024.
doi: 10.1126/science.1066969

Carter, M. E., Adamantidis, A., Ohtsu, H., Deisseroth, K., and de Lecea, L. (2009).
Sleep homeostasis modulates hypocretin-mediated sleep-to-wake transitions.
J. Neurosci. 29, 10939–10949. doi: 10.1523/JNEUROSCI.1205-09.2009

Carter, M. E., de Lecea, L., and Adamantidis, A. (2013). Functional wiring
of hypocretin and LC-NE neurons: implications for arousal. Front. Behav.
Neurosci. 7:43. doi: 10.3389/fnbeh.2013.00043

Carter, M. E., Yizhar, O., Chikahisa, S., Nguyen, H., Adamantidis, A., Nishino, S.,
et al. (2010). Tuning arousal with optogenetic modulation of locus coeruleus
neurons. Nat. Neurosci. 13, 1526–1533. doi: 10.1038/nn.2682

Cho, J. R., Treweek, J. B., Robinson, J. E., Xiao, C., Bremner, L. R., Greenbaum, A.,
et al. (2017). Dorsal raphe dopamine neurons modulate arousal and promote
wakefulness by salient stimuli. Neuron 94, 1205.e8–1219.e8. doi: 10.1016/j.
neuron.2017.05.020

Chung, S., Lee, E. J., Yun, S., Choe, H. K., Park, S. B., Son, H. J., et al. (2014). Impact
of circadian nuclear receptor REV-ERBα on midbrain dopamine production
and mood regulation. Cell 157, 858–868. doi: 10.1016/j.cell.2014.03.039

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

Cirelli, C., and Tononi, G. (2017). The sleeping brain. Cerebrum 2017: cer-07-17.
Constantinople, C. M., and Bruno, R. M. (2011). Effects and mechanisms of

wakefulness on local cortical networks. Neuron 69, 1061–1068. doi: 10.1016/j.
neuron.2011.02.040

Cope, D. W., Wulff, P., Oberto, A., Aller, M. I., Capogna, M., Ferraguti, F., et al.
(2004). Abolition of zolpidem sensitivity in mice with a point mutation in the
GABAA receptor γ2 subunit. Neuropharmacology 47, 17–34. doi: 10.1016/j.
neuropharm.2004.03.007

Depoortere, H., Zivkovic, B., Lloyd, K. G., Sanger, D. J., Perrault, G.,
Langer, S. Z., et al. (1986). Zolpidem, a novel nonbenzodiazepine hypnotic.
I. Neuropharmacological and behavioral effects. J. Pharmacol. Exp. Ther. 237,
649–658.

Duguid, I., Branco, T., London, M., Chadderton, P., and Häusser, M. (2012).
Tonic inhibition enhances fidelity of sensory information transmission in
the cerebellar cortex. J. Neurosci. 32, 11132–11143. doi: 10.1523/JNEUROSCI.
0460-12.2012

Eban-Rothschild, A., and de Lecea, L. (2017). Neuronal substrates for initiation,
maintenance and structural organization of sleep/wake states. F1000Res. 6:212.
doi: 10.12688/f1000research.9677.1

Ellender, T. J., Huerta-Ocampo, I., Deisseroth, K., Capogna, M., and
Bolam, J. P. (2011). Differential modulation of excitatory and inhibitory
striatal synaptic transmission by histamine. J. Neurosci. 31, 15340–15351.
doi: 10.1523/JNEUROSCI.3144-11.2011

Eriksson, K. S., Sergeeva, O., Brown, R. E., and Haas, H. L. (2001).
Orexin/hypocretin excites the histaminergic neurons of the tuberomammillary
nucleus. J. Neurosci. 21, 9273–9279.

España, R. A., and Berridge, C. W. (2006). Organization of noradrenergic efferents
to arousal-related basal forebrain structures. J. Comp. Neurol. 496, 668–683.
doi: 10.1002/cne.20946

Fraigne, J. J., Torontali, Z. A., Snow, M. B., and Peever, J. H. (2015). REM sleep at
its core–circuits, neurotransmitters and pathophysiology. Front. Neurol. 6:123.
doi: 10.3389/fneur.2015.00123

Franks, N. P. (2008). General anaesthesia: from molecular targets to
neuronal pathways of sleep and arousal. Nat. Rev. Neurosci. 9, 370–386.
doi: 10.1038/nrn2372

Fritschy, J. M., andMohler, H. (1995). GABAA-receptor heterogeneity in the adult
rat brain: differential regional and cellular distribution of sevenmajor subunits.
J. Comp. Neurol. 359, 154–194. doi: 10.1002/cne.903590111

Fujita, A., Bonnavion, P., Wilson, M. H., Mickelsen, L. E., Bloit, J., de
Lecea, L., et al. (2017). Hypothalamic tuberomammillary nucleus neurons:
electrophysiological diversity and essential role in arousal stability. J. Neurosci.
37, 9574–9592. doi: 10.1523/JNEUROSCI.0580-17.2017

Funk, C. M., Peelman, K., Bellesi, M., Marshall, W., Cirelli, C., and Tononi, G.
(2017). Role of somatostatin-positive cortical interneurons in the generation of
sleep slow waves. J. Neurosci. 37, 9132–9148. doi: 10.1523/JNEUROSCI.1303-
17.2017

Fuxe, K., Dahlström, A. B., Jonsson, G., Marcellino, D., Guescini, M., Dam, M.,
et al. (2010). The discovery of central monoamine neurons gave volume
transmission to the wired brain. Prog. Neurobiol. 90, 82–100. doi: 10.1016/j.
pneurobio.2009.10.012

Garner, A. R., Rowland, D. C., Hwang, S. Y., Baumgaertel, K., Roth, B. L.,
Kentros, C., et al. (2012). Generation of a synthetic memory trace. Science 335,
1513–1516. doi: 10.1126/science.1214985

Garrity, A. G., Botta, S., Lazar, S. B., Swor, E., Vanini, G., Baghdoyan, H. A.,
et al. (2015). Dexmedetomidine-induced sedation does not mimic the
neurobehavioral phenotypes of sleep in Sprague Dawley rat. Sleep 38, 73–84.
doi: 10.5665/sleep.4328

Gelegen, C., Gent, T. C., Ferretti, V., Zhang, Z., Yustos, R., Lan, F., et al.
(2014). Staying awake–a genetic region that hinders α2 adrenergic receptor
agonist-induced sleep. Eur. J. Neurosci. 40, 2311–2319. doi: 10.1111/ejn.
12570

Gilsbach, R., Röser, C., Beetz, N., Brede, M., Hadamek, K., Haubold, M., et al.
(2009). Genetic dissection of α2-adrenoceptor functions in adrenergic versus
nonadrenergic cells. Mol. Pharmacol. 75, 1160–1170. doi: 10.1124/mol.109.
054544

Gompf, H. S., Mathai, C., Fuller, P. M., Wood, D. A., Pedersen, N. P.,
Saper, C. B., et al. (2010). Locus ceruleus and anterior cingulate cortex
sustain wakefulness in a novel environment. J. Neurosci. 30, 14543–14551.
doi: 10.1523/JNEUROSCI.3037-10.2010

Gong, H., McGinty, D., Guzman-Marin, R., Chew, K. T., Stewart, D., and
Szymusiak, R. (2004). Activation of c-fos in GABAergic neurones in the
preoptic area during sleep and in response to sleep deprivation. J. Physiol. 556,
935–946. doi: 10.1113/jphysiol.2003.056622

Gradinaru, V. (2017). Overriding sleep. Science 358:457. doi: 10.1126/science.
aap9535

Greenblatt, D. J., and Roth, T. (2012). Zolpidem for insomnia. Expert Opin.
Pharmacother. 13, 879–893. doi: 10.1517/14656566.2012.667074

Gu, Q. (2002). Neuromodulatory transmitter systems in the cortex and their
role in cortical plasticity. Neuroscience 111, 815–835. doi: 10.1016/s0306-
4522(02)00026-x

Frontiers in Neural Circuits | www.frontiersin.org 13 January 2018 | Volume 12 | Article 4

https://doi.org/10.1523/JNEUROSCI.1519-14.2014.
https://doi.org/10.1523/JNEUROSCI.1519-14.2014.
https://doi.org/10.1016/s0165-0173(03)00143-7
https://doi.org/10.1016/s0165-0173(03)00143-7
https://doi.org/10.1523/JNEUROSCI.3217-07.2007
https://doi.org/10.1016/j.cub.2013.07.040
https://doi.org/10.1016/j.neuropharm.2015.08.013
https://doi.org/10.1111/jsr.12371
https://doi.org/10.1016/j.neuron.2011.12.012
https://doi.org/10.1523/JNEUROSCI.5100-06.2007
https://doi.org/10.1056/NEJMra0808281
https://doi.org/10.1126/science.1066969
https://doi.org/10.1523/JNEUROSCI.1205-09.2009
https://doi.org/10.3389/fnbeh.2013.00043
https://doi.org/10.1038/nn.2682
https://doi.org/10.1016/j.neuron.2017.05.020
https://doi.org/10.1016/j.neuron.2017.05.020
https://doi.org/10.1016/j.cell.2014.03.039
https://doi.org/10.1038/nature22350
https://doi.org/10.1016/j.neuron.2011.02.040
https://doi.org/10.1016/j.neuron.2011.02.040
https://doi.org/10.1016/j.neuropharm.2004.03.007
https://doi.org/10.1016/j.neuropharm.2004.03.007
https://doi.org/10.1523/JNEUROSCI.0460-12.2012
https://doi.org/10.1523/JNEUROSCI.0460-12.2012
https://doi.org/10.12688/f1000research.9677.1
https://doi.org/10.1523/JNEUROSCI.3144-11.2011
https://doi.org/10.1002/cne.20946
https://doi.org/10.3389/fneur.2015.00123
https://doi.org/10.1038/nrn2372
https://doi.org/10.1002/cne.903590111
https://doi.org/10.1523/JNEUROSCI.0580-17.2017
https://doi.org/10.1523/JNEUROSCI.1303-17.2017
https://doi.org/10.1523/JNEUROSCI.1303-17.2017
https://doi.org/10.1016/j.pneurobio.2009.10.012
https://doi.org/10.1016/j.pneurobio.2009.10.012
https://doi.org/10.1126/science.1214985
https://doi.org/10.5665/sleep.4328
https://doi.org/10.1111/ejn.12570
https://doi.org/10.1111/ejn.12570
https://doi.org/10.1124/mol.109.054544
https://doi.org/10.1124/mol.109.054544
https://doi.org/10.1523/JNEUROSCI.3037-10.2010
https://doi.org/10.1113/jphysiol.2003.056622
https://doi.org/10.1126/science.aap9535
https://doi.org/10.1126/science.aap9535
https://doi.org/10.1517/14656566.2012.667074
https://doi.org/10.1016/s0306-4522(02)00026-x
https://doi.org/10.1016/s0306-4522(02)00026-x
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles


Yu et al. Neuromodulators, Sleep and Sedative States

Haas, H., and Panula, P. (2003). The role of histamine and the tuberomamillary
nucleus in the nervous system. Nat. Rev. Neurosci. 4, 121–130.
doi: 10.1038/nrn1034

Hara, M., Zhou, Z. Y., and Hemmings, H. C. Jr. (2016). α2-Adrenergic
receptor and isoflurane modulation of presynaptic Ca2+ influx and exocytosis
in hippocampal neurons. Anesthesiology 125, 535–546. doi: 10.1097/ALN.
0000000000001213

Harris, K. D., and Thiele, A. (2011). Cortical state and attention. Nat. Rev.
Neurosci. 12, 509–523. doi: 10.1038/nrn3084

Hein, L. (2006). Adrenoceptors and signal transduction in neurons.Cell Tissue Res.
326, 541–551. doi: 10.1007/s00441-006-0285-2

Hu, F. Y., Hanna, G. M., Han, W., Mardini, F., Thomas, S. A., Wyner, A. J., et al.
(2012). Hypnotic hypersensitivity to volatile anesthetics and dexmedetomidine
in dopamine β-hydroxylase knockout mice. Anesthesiology 117, 1006–1017.
doi: 10.1097/ALN.0b013e3182700ab9

Hunsley, M. S., Curtis, W. R., and Palmiter, R. D. (2006). Behavioral and
sleep/wake characteristics of mice lacking norepinephrine and hypocretin.
Genes Brain Behav. 5, 451–457. doi: 10.1111/j.1601-183x.2005.00179.x

Hunter, J. C., Fontana, D. J., Hedley, L. R., Jasper, J. R., Lewis, R., Link, R. E.,
et al. (1997). Assessment of the role of α2-adrenoceptor subtypes in the
antinociceptive, sedative and hypothermic action of dexmedetomidine in
transgenic mice. Br. J. Pharmacol. 122, 1339–1344. doi: 10.1038/sj.bjp.0701520

Huupponen, E., Maksimow, A., Lapinlampi, P., Särkelä, M., Saastamoinen, A.,
Snapir, A., et al. (2008). Electroencephalogram spindle activity during
dexmedetomidine sedation and physiological sleep. Acta Anaesthesiol. Scand.
52, 289–294. doi: 10.1111/j.1399-6576.2007.01537.x

Ishii, H., Kohno, T., Yamakura, T., Ikoma, M., and Baba, H. (2008). Action of
dexmedetomidine on the substantia gelatinosa neurons of the rat spinal cord.
Eur. J. Neurosci. 27, 3182–3190. doi: 10.1111/j.1460-9568.2008.06260.x

Jakob, S.M., Ruokonen, E., Grounds, R.M., Sarapohja, T., Garratt, C., Pocock, S. J.,
et al. (2012). Dexmedetomidine vs. midazolam or propofol for sedation during
prolonged mechanical ventilation: two randomized controlled trials. JAMA
307, 1151–1160. doi: 10.1001/jama.2012.304

Janhsen, K., Roser, P., and Hoffmann, K. (2015). The problems of long-term
treatment with benzodiazepines and related substances.Dtsch. Arztebl. Int. 112,
1–7. doi: 10.3238/arztebl.2015.0001

Jasper, J. R., Lesnick, J. D., Chang, L. K., Yamanishi, S. S., Chang, T. K., Hsu, S. A.,
et al. (1998). Ligand efficacy and potency at recombinant α2 adrenergic
receptors: agonist-mediated [35S]GTPγS binding. Biochem. Pharmacol. 55,
1035–1043. doi: 10.1016/S0006-2952(97)00631-X

John, J., Wu, M. F., Boehmer, L. N., and Siegel, J. M. (2004). Cataplexy-
active neurons in the hypothalamus: implications for the role of histamine in
sleep and waking behavior. Neuron 42, 619–634. doi: 10.1016/s0896-6273(04)
00247-8

Jones, B. E. (2017). Principal cell types of sleep-wake regulatory circuits. Curr.
Opin. Neurobiol. 44, 101–109. doi: 10.1016/j.conb.2017.03.018

Jones, B. E., Harper, S. T., and Halaris, A. E. (1977). Effects of locus
coeruleus lesions upon cerebral monoamine content, sleep-wakefulness states
and the response to amphetamine in the cat. Brain Res. 124, 473–496.
doi: 10.1016/0006-8993(77)90948-9

Kapás, L., and Szentirmai, É. (2014). Brown adipose tissue at the intersection of
sleep and temperature regulation. Temperature 1, 16–17. doi: 10.4161/temp.
29120

Köhler, C., Swanson, L. W., Haglund, L., and Wu, J. Y. (1985). The
cytoarchitecture, histochemistry and projections of the tuberomammillary
nucleus in the rat. Neuroscience 16, 85–110. doi: 10.1016/0306-4522(85)
90049-1

Kopp, C., Rudolph, U., and Tobler, I. (2004). Sleep EEG changes after zolpidem in
mice. Neuroreport 15, 2299–2302. doi: 10.1097/00001756-200410050-00031

Kripke, D. F. (2016). Hypnotic drug risks of mortality, infection, depression
and cancer: but lack of benefit. F1000Res. 5:918. doi: 10.12688/f1000research.
8729.1

Kripke, D. F., Langer, R. D., and Kline, L. E. (2012). Hypnotics’ association
with mortality or cancer: a matched cohort study. BMJ Open 2:e000850.
doi: 10.1136/bmjopen-2012-000850

Krishnan, G. P., Chauvette, S., Shamie, I., Soltani, S., Timofeev, I., Cash, S. S., et al.
(2016). Cellular and neurochemical basis of sleep stages in the thalamocortical
network. Elife 5:e18607. doi: 10.7554/eLife.18607

Kyriacou, C. P., and Hastings, M. H. (2010). Circadian clocks: genes, sleep
and cognition. Trends Cogn. Sci. 14, 259–267. doi: 10.1016/j.tics.2010.
03.007

Lakhlani, P. P., MacMillan, L. B., Guo, T. Z., McCool, B. A., Lovinger, D. M.,
Maze, M., et al. (1997). Substitution of a mutant α2a-adrenergic receptor
via ‘‘hit and run’’ gene targeting reveals the role of this subtype in sedative,
analgesic and anesthetic-sparing responses in vivo. Proc. Natl. Acad. Sci. U S A
94, 9950–9955. doi: 10.1073/pnas.94.18.9950

Laurie, D. J., Seeburg, P. H., andWisden,W. (1992). The distribution of 13GABAA
receptor subunit mRNAs in the rat brain. J. Neurosci. 12, 1063–1076.

Lee, S. H., and Dan, Y. (2012). Neuromodulation of brain states. Neuron 76,
209–222. doi: 10.1016/j.neuron.2012.09.012

Lidbrink, P. (1974). The effect of lesions of ascending noradrenaline pathways
on sleep and waking in the rat. Brain Res. 74, 19–40. doi: 10.1016/0006-
8993(74)90109-7

Lin, J. S., Sakai, K., Vanni-Mercier, G., and Jouvet, M. (1989). A critical role of
the posterior hypothalamus in the mechanisms of wakefulness determined by
microinjection of muscimol in freely moving cats. Brain Res. 479, 225–240.
doi: 10.1016/0006-8993(89)91623-5

Linden, A. M., Aller, M. I., Leppä, E., Vekovischeva, O., Aitta-Aho, T.,
Veale, E. L., et al. (2006). The in vivo contributions of TASK-1-containing
channels to the actions of inhalation anesthetics, the α2 adrenergic sedative
dexmedetomidine and cannabinoid agonists. J. Pharmacol. Exp. Ther. 317,
615–626. doi: 10.1124/jpet.105.098525

Liu, Y. W., Li, J., and Ye, J. H. (2010). Histamine regulates activities of
neurons in the ventrolateral preoptic nucleus. J. Physiol. 588, 4103–4116.
doi: 10.1113/jphysiol.2010.193904

L "orincz, M. L., and Adamantidis, A. R. (2017). Monoaminergic control of brain
states and sensory processing: existing knowledge and recent insights obtained
with optogenetics. Prog. Neurobiol. 151, 237–253. doi: 10.1016/j.pneurobio.
2016.09.003

Lovett-Barron, M., Andalman, A. S., Allen, W. E., Vesuna, S., Kauvar, I.,
Burns, V. M., et al. (2017). Ancestral circuits for the coordinated modulation
of brain state. Cell 171, 1411.e17–1423.e17. doi: 10.1016/j.cell.2017.10.021

Lur, G., and Higley, M. J. (2015). Glutamate receptor modulation is restricted
to synaptic microdomains. Cell Rep. 12, 326–334. doi: 10.1016/j.celrep.2015.
06.029

Ma, S., Hangya, B., Leonard, C. S., Wisden, W., and Gundlach, A. L. (2018).
Dual-transmitter systems regulating arousal, attention, learning and memory.
Neurosci. Biobehav. Rev. 85, 21–33. doi: 10.1016/j.neubiorev.2017.07.009

MacDonald, E., Scheinin, H., and Scheinin, M. (1988). Behavioural and
neurochemical effects of medetomidine, a novel veterinary sedative. Eur.
J. Pharmacol. 158, 119–127. doi: 10.1016/0014-2999(88)90260-9

Malmberg, A. B., Hedley, L. R., Jasper, J. R., Hunter, J. C., and Basbaum, A. I.
(2001). Contribution of α2 receptor subtypes to nerve injury-induced pain
and its regulation by dexmedetomidine. Br. J. Pharmacol. 132, 1827–1836.
doi: 10.1038/sj.bjp.0704032

Mander, B. A., Winer, J. R., Jagust, W. J., and Walker, M. P. (2016). Sleep: a
novel mechanistic pathway, biomarker and treatment target in the pathology
of Alzheimer’s disease? Trends Neurosci. 39, 552–566. doi: 10.1016/j.tins.2016.
05.002

Mashour, G. A., and Hudetz, A. G. (2017). Bottom-up and top-down mechanisms
of general anesthetics modulate different dimensions of consciousness. Front.
Neural Circuits 11:44. doi: 10.3389/fncir.2017.00044

Mason, K. P., O’Mahony, E., Zurakowski, D., and Libenson, M. H. (2009). Effects
of dexmedetomidine sedation on the EEG in children. Paediatr. Anaesth. 19,
1175–1183. doi: 10.1111/j.1460-9592.2009.03160.x

Matsuda, W., Furuta, T., Nakamura, K. C., Hioki, H., Fujiyama, F., Arai, R.,
et al. (2009). Single nigrostriatal dopaminergic neurons form widely spread and
highly dense axonal arborizations in the neostriatum. J. Neurosci. 29, 444–453.
doi: 10.1523/JNEUROSCI.4029-08.2009

Matsuo, S., Jang, I. S., Nabekura, J., and Akaike, N. (2003). α2-Adrenoceptor-
mediated presynaptic modulation of GABAergic transmission in mechanically
dissociated rat ventrolateral preoptic neurons. J. Neurophysiol. 89, 1640–1648.
doi: 10.1152/jn.00491.2002

Maze, M., Scarfini, C., and Cavaliere, F. (2001). New agents for sedation in
the intensive care unit. Crit. Care Clin. 17, 881–898. doi: 10.1016/s0749-
0704(05)70185-8

Frontiers in Neural Circuits | www.frontiersin.org 14 January 2018 | Volume 12 | Article 4

https://doi.org/10.1038/nrn1034
https://doi.org/10.1097/ALN.0000000000001213
https://doi.org/10.1097/ALN.0000000000001213
https://doi.org/10.1038/nrn3084
https://doi.org/10.1007/s00441-006-0285-2
https://doi.org/10.1097/ALN.0b013e3182700ab9
https://doi.org/10.1111/j.1601-183x.2005.00179.x
https://doi.org/10.1038/sj.bjp.0701520
https://doi.org/10.1111/j.1399-6576.2007.01537.x
https://doi.org/10.1111/j.1460-9568.2008.06260.x
https://doi.org/10.1001/jama.2012.304
https://doi.org/10.3238/arztebl.2015.0001
https://doi.org/10.1016/S0006-2952(97)00631-X
https://doi.org/10.1016/s0896-6273(04)00247-8
https://doi.org/10.1016/s0896-6273(04)00247-8
https://doi.org/10.1016/j.conb.2017.03.018
https://doi.org/10.1016/0006-8993(77)90948-9
https://doi.org/10.4161/temp.29120
https://doi.org/10.4161/temp.29120
https://doi.org/10.1016/0306-4522(85)90049-1
https://doi.org/10.1016/0306-4522(85)90049-1
https://doi.org/10.1097/00001756-200410050-00031
https://doi.org/10.12688/f1000research.8729.1
https://doi.org/10.12688/f1000research.8729.1
https://doi.org/10.1136/bmjopen-2012-000850
https://doi.org/10.7554/eLife.18607
https://doi.org/10.1016/j.tics.2010.03.007
https://doi.org/10.1016/j.tics.2010.03.007
https://doi.org/10.1073/pnas.94.18.9950
https://doi.org/10.1016/j.neuron.2012.09.012
https://doi.org/10.1016/0006-8993(74)90109-7
https://doi.org/10.1016/0006-8993(74)90109-7
https://doi.org/10.1016/0006-8993(89)91623-5
https://doi.org/10.1124/jpet.105.098525
https://doi.org/10.1113/jphysiol.2010.193904
https://doi.org/10.1016/j.pneurobio.2016.09.003
https://doi.org/10.1016/j.pneurobio.2016.09.003
https://doi.org/10.1016/j.cell.2017.10.021
https://doi.org/10.1016/j.celrep.2015.06.029
https://doi.org/10.1016/j.celrep.2015.06.029
https://doi.org/10.1016/j.neubiorev.2017.07.009
https://doi.org/10.1016/0014-2999(88)90260-9
https://doi.org/10.1038/sj.bjp.0704032
https://doi.org/10.1016/j.tins.2016.05.002
https://doi.org/10.1016/j.tins.2016.05.002
https://doi.org/10.3389/fncir.2017.00044
https://doi.org/10.1111/j.1460-9592.2009.03160.x
https://doi.org/10.1523/JNEUROSCI.4029-08.2009
https://doi.org/10.1152/jn.00491.2002
https://doi.org/10.1016/s0749-0704(05)70185-8
https://doi.org/10.1016/s0749-0704(05)70185-8
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles


Yu et al. Neuromodulators, Sleep and Sedative States

McCloy, R. F. (1995). Reversal of conscious sedation by flumazenil: current status
and future prospects.Acta Anaesthesiol. Scand. 108, 35–42. doi: 10.1111/j.1399-
6576.1995.tb04377.x

McGregor, R., Shan, L., Wu, M. F., and Siegel, J. M. (2017). Diurnal fluctuation
in the number of hypocretin/orexin and histamine producing: implication
for understanding and treating neuronal loss. PLoS One 12:e0178573.
doi: 10.1371/journal.pone.0178573

McGregor, R., and Siegel, J. M. (2010). Illuminating the locus coeruleus: control of
posture and arousal. Nat. Neurosci. 13, 1448–1449. doi: 10.1038/nn1210-1448

Monnier, M., Fallert, M., and Battacharya, I. C. (1967). The waking action of
histamine. Experientia 23, 21–22. doi: 10.1007/bf02142244

Nelson, L. E., Lu, J., Guo, T., Saper, C. B., Franks, N. P., and Maze, M. (2003). The
α2-adrenoceptor agonist dexmedetomidine converges on an endogenous sleep-
promoting pathway to exert its sedative effects. Anesthesiology 98, 428–436.
doi: 10.1097/00000542-200302000-00024

Nicholson, A. N., and Pascoe, P. A. (1986). Hypnotic activity of an imidazo-
pyridine (zolpidem). Br. J. Clin. Pharmacol. 21, 205–211. doi: 10.1111/j.1365-
2125.1986.tb05176.x

Nicholson, A. N., Pascoe, P. A., Turner, C., Ganellin, C. R., Greengrass, P. M.,
Casy, A. F., et al. (1991). Sedation and histamine H1-receptor antagonism:
studies in man with the enantiomers of chlorpheniramine and dimethindene.
Br. J. Pharmacol. 104, 270–276. doi: 10.1111/j.1476-5381.1991.tb12418.x

Nutt, D. J., and Stahl, S. M. (2010). Searching for perfect sleep: the continuing
evolution of GABAA receptor modulators as hypnotics. J. Psychopharmacol.
24, 1601–1612. doi: 10.1177/0269881109106927

O’Donnell, J., Zeppenfeld, D., McConnell, E., Pena, S., and Nedergaard, M.
(2012). Norepinephrine: a neuromodulator that boosts the function of multiple
cell types to optimize CNS performance. Neurochem. Res. 37, 2496–2512.
doi: 10.1007/s11064-012-0818-x

Oishi, Y., and Lazarus, M. (2017). The control of sleep and wakefulness by
mesolimbic dopamine systems.Neurosci. Res. 118, 66–73. doi: 10.1016/j.neures.
2017.04.008

Otchy, T. M., Wolff, S. B., Rhee, J. Y., Pehlevan, C., Kawai, R., Kempf, A., et al.
(2015). Acute off-target effects of neural circuit manipulations. Nature 528,
358–363. doi: 10.1038/nature16442

Pace-Schott, E. F. (2009). ‘‘Sleep architecture,’’ in The Neuroscience of Sleep, eds
R. Stickgold and M. Walker (San Diego, CA: Academic Press), 11–17.

Panula, P., Chazot, P. L., Cowart, M., Gutzmer, R., Leurs, R., Liu, W. L.,
et al. (2015). International union of basic and clinical pharmacology. XCVIII.
Histamine receptors. Pharmacol. Rev. 67, 601–655. doi: 10.1124/pr.114.
010249

Panula, P., Yang, H. Y., and Costa, E. (1984). Histamine-containing neurons in the
rat hypothalamus. Proc. Natl. Acad. Sci. U S A 81, 2572–2576. doi: 10.1073/pnas.
81.8.2572

Parmentier, R., Ohtsu, H., Djebbara-Hannas, Z., Valatx, J. L., Watanabe, T.,
and Lin, J. S. (2002). Anatomical, physiological, and pharmacological
characteristics of histidine decarboxylase knock-out mice: evidence for the
role of brain histamine in behavioral and sleep-wake control. J. Neurosci. 22,
7695–7711.

Patorno, E., Glynn, R. J., Levin, R., Lee, M. P., and Huybrechts, K. F. (2017).
Benzodiazepines and risk of all cause mortality in adults: cohort study. BMJ
358:j2941. doi: 10.1136/bmj.j2941

Porkka-Heiskanen, T. (2013). Sleep homeostasis. Curr. Opin. Neurobiol. 23,
799–805. doi: 10.1016/j.conb.2013.02.010

Pritchett, D. B., and Seeburg, P. H. (1990). γ-aminobutyric acidA receptor
α5-subunit creates novel type II benzodiazepine receptor pharmacology.
J. Neurochem. 54, 1802–1804. doi: 10.1111/j.1471-4159.1990.tb01237.x

Quan, N., Xin, L., Ungar, A. L., and Blatteis, C. M. (1992). Preoptic
norepinephrine-induced hypothermia is mediated by α 2-adrenoceptors. Am.
J. Physiol. 262, R407–R411. doi: 10.1152/ajpregu.1992.262.3.r407

Ramsay, M. A., Savege, T. M., Simpson, B. R., and Goodwin, R. (1974). Controlled
sedation with αxalone-αdolone. Br. Med. J. 2, 656–659. doi: 10.1136/bmj.2.
5920.656

Rank, M. M., Murray, K. C., Stephens, M. J., D’Amico, J., Gorassini, M. A.,
and Bennett, D. J. (2011). Adrenergic receptors modulate motoneuron
excitability, sensory synaptic transmission and muscle spasms after chronic
spinal cord injury. J. Neurophysiol. 105, 410–422. doi: 10.1152/jn.00
775.2010

Reijmers, L. G., Perkins, B. L., Matsuo, N., and Mayford, M. (2007). Localization
of a stable neural correlate of associative memory. Science 317, 1230–1233.
doi: 10.1126/science.1143839

Reynolds, D. S., Rosahl, T. W., Cirone, J., O’Meara, G. F., Haythornthwaite, A.,
Newman, R. J., et al. (2003). Sedation and anesthesia mediated by distinct
GABAA receptor isoforms. J. Neurosci. 23, 8608–8617.

Rihel, J., and Schier, A. F. (2013). Sites of action of sleep and wake drugs: insights
from model organisms. Curr. Opin. Neurobiol. 23, 831–840. doi: 10.1016/j.
conb.2013.04.010

Riveros, M. E., Forray, M. I., and Torrealba, F. (2015). Infralimbic cortex
activation and motivated arousal induce histamine release. Behav. Pharmacol.
26, 338–344. doi: 10.1097/FBP.0000000000000129

Robbins, T. W., and Arnsten, A. F. (2009). The neuropsychopharmacology of
fronto-executive function: monoaminergic modulation. Annu. Rev. Neurosci.
32, 267–287. doi: 10.1146/annurev.neuro.051508.135535

Sakai, K., Takahashi, K., Anaclet, C., and Lin, J. S. (2010). Sleep-waking discharge
of ventral tuberomammillary neurons in wild-type and histidine decarboxylase
knock-out mice. Front. Behav. Neurosci. 4:53. doi: 10.3389/fnbeh.2010.
00053

Saper, C. B., Fuller, P. M., Pedersen, N. P., Lu, J., and Scammell, T. E. (2010). Sleep
state switching. Neuron 68, 1023–1042. doi: 10.1016/j.neuron.2010.11.032

Sara, S. J., and Bouret, S. (2012). Orienting and reorienting: the locus coeruleus
mediates cognition through arousal. Neuron 76, 130–141. doi: 10.1016/j.
neuron.2012.09.011

Sara, S. J., and Hervé-Minvielle, A. (1995). Inhibitory influence of frontal cortex
on locus coeruleus neurons. Proc. Natl. Acad. Sci. U S A 92, 6032–6036.
doi: 10.1073/pnas.92.13.6032

Savola, J. M., and Virtanen, R. (1991). Central α2-adrenoceptors are highly
stereoselective for dexmedetomidine, the dextro enantiomer of medetomidine.
Eur. J. Pharmacol. 195, 193–199. doi: 10.1016/0014-2999(91)90535-x

Scammell, T. E., Arrigoni, E., and Lipton, J. O. (2017). Neural circuitry of
wakefulness and sleep. Neuron 93, 747–765. doi: 10.1016/j.neuron.2017.
01.014

Schmid, S. M., Hallschmid, M., and Schultes, B. (2015). The metabolic burden
of sleep loss. Lancet Diabetes Endocrinol. 3, 52–62. doi: 10.1016/S2213-
8587(14)70012-9

Schmidt, M. H. (2014). The energy allocation function of sleep: a unifying theory
of sleep, torpor and continuous wakefulness. Neurosci. Biobehav. Rev. 47,
122–153. doi: 10.1016/j.neubiorev.2014.08.001

Schöne, C., Apergis-Schoute, J., Sakurai, T., Adamantidis, A., and Burdakov, D.
(2014). Coreleased orexin and glutamate evoke nonredundant spike outputs
and computations in histamine neurons. Cell Rep. 7, 697–704. doi: 10.1016/j.
celrep.2014.03.055

Schöne, C., and Burdakov, D. (2017). Orexin/Hypocretin and organizing
principles for a diversity of wake-promoting neurons in the brain. Curr. Top.
Behav. Neurosci. 33, 51–74. doi: 10.1007/7854_2016_45

Schwarz, L. A., and Luo, L. (2015). Organization of the locus coeruleus-
norepinephrine system. Curr. Biol. 25, R1051–R1056. doi: 10.1016/j.cub.2015.
09.039

Schwarz, L. A., Miyamichi, K., Gao, X. J., Beier, K. T., Weissbourd, B.,
DeLoach, K. E., et al. (2015). Viral-genetic tracing of the input-output
organization of a central noradrenaline circuit. Nature 524, 88–92.
doi: 10.1038/nature14600

Segal, I. S., Vickery, R. G., Walton, J. K., Doze, V. A., and Maze, M. (1988).
Dexmedetomidine diminishes halothane anesthetic requirements in rats
through a postsynaptic α 2 adrenergic receptor. Anesthesiology 69, 818–823.
doi: 10.1097/00000542-198812000-00004

Seidel, W. F., Maze, M., Dement, W. C., and Edgar, D. M. (1995). α-2 adrenergic
modulation of sleep: time-of-day-dependent pharmacodynamic profiles of
dexmedetomidine and clonidine in the rat. J. Pharmacol. Exp. Ther. 275,
263–273.

Sherin, J. E., Shiromani, P. J., McCarley, R. W., and Saper, C. B. (1996).
Activation of ventrolateral preoptic neurons during sleep. Science 271, 216–219.
doi: 10.1126/science.271.5246.216

Shields, A. D., Wang, Q., and Winder, D. G. (2009). α2A-adrenergic receptors
heterosynaptically regulate glutamatergic transmission in the bed nucleus of the
stria terminalis. Neuroscience 163, 339–351. doi: 10.1016/j.neuroscience.2009.
06.022

Frontiers in Neural Circuits | www.frontiersin.org 15 January 2018 | Volume 12 | Article 4

https://doi.org/10.1111/j.1399-6576.1995.tb04377.x
https://doi.org/10.1111/j.1399-6576.1995.tb04377.x
https://doi.org/10.1371/journal.pone.0178573
https://doi.org/10.1038/nn1210-1448
https://doi.org/10.1007/bf02142244
https://doi.org/10.1097/00000542-200302000-00024
https://doi.org/10.1111/j.1365-2125.1986.tb05176.x
https://doi.org/10.1111/j.1365-2125.1986.tb05176.x
https://doi.org/10.1111/j.1476-5381.1991.tb12418.x
https://doi.org/10.1177/0269881109106927
https://doi.org/10.1007/s11064-012-0818-x
https://doi.org/10.1016/j.neures.2017.04.008
https://doi.org/10.1016/j.neures.2017.04.008
https://doi.org/10.1038/nature16442
https://doi.org/10.1124/pr.114.010249
https://doi.org/10.1124/pr.114.010249
https://doi.org/10.1073/pnas.81.8.2572
https://doi.org/10.1073/pnas.81.8.2572
https://doi.org/10.1136/bmj.j2941
https://doi.org/10.1016/j.conb.2013.02.010
https://doi.org/10.1111/j.1471-4159.1990.tb01237.x
https://doi.org/10.1152/ajpregu.1992.262.3.r407
https://doi.org/10.1136/bmj.2.5920.656
https://doi.org/10.1136/bmj.2.5920.656
https://doi.org/10.1152/jn.00775.2010
https://doi.org/10.1152/jn.00775.2010
https://doi.org/10.1126/science.1143839
https://doi.org/10.1016/j.conb.2013.04.010
https://doi.org/10.1016/j.conb.2013.04.010
https://doi.org/10.1097/FBP.0000000000000129
https://doi.org/10.1146/annurev.neuro.051508.135535
https://doi.org/10.3389/fnbeh.2010.00053
https://doi.org/10.3389/fnbeh.2010.00053
https://doi.org/10.1016/j.neuron.2010.11.032
https://doi.org/10.1016/j.neuron.2012.09.011
https://doi.org/10.1016/j.neuron.2012.09.011
https://doi.org/10.1073/pnas.92.13.6032
https://doi.org/10.1016/0014-2999(91)90535-x
https://doi.org/10.1016/j.neuron.2017.01.014
https://doi.org/10.1016/j.neuron.2017.01.014
https://doi.org/10.1016/S2213-8587(14)70012-9
https://doi.org/10.1016/S2213-8587(14)70012-9
https://doi.org/10.1016/j.neubiorev.2014.08.001
https://doi.org/10.1016/j.celrep.2014.03.055
https://doi.org/10.1016/j.celrep.2014.03.055
https://doi.org/10.1007/7854_2016_45
https://doi.org/10.1016/j.cub.2015.09.039
https://doi.org/10.1016/j.cub.2015.09.039
https://doi.org/10.1038/nature14600
https://doi.org/10.1097/00000542-198812000-00004
https://doi.org/10.1126/science.271.5246.216
https://doi.org/10.1016/j.neuroscience.2009.06.022
https://doi.org/10.1016/j.neuroscience.2009.06.022
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles


Yu et al. Neuromodulators, Sleep and Sedative States

Siegel, J. M. (2006). The stuff dreams are made of: anatomical substrates of REM
sleep. Nat. Neurosci. 9, 721–722. doi: 10.1038/nn0606-721

Staines, W. A., Daddona, P. E., and Nagy, J. I. (1987). The organization
and hypothalamic projections of the tuberomammillary nucleus in the
rat: an immunohistochemical study of adenosine deaminase-positive
neurons and fibers. Neuroscience 23, 571–596. doi: 10.1016/0306-4522(87)90
077-7

Steinberg, E. A., Wafford, K. A., Brickley, S. G., Franks, N. P., and Wisden, W.
(2015). The role of K2p channels in anaesthesia and sleep. Pflugers Arch. 467,
907–916. doi: 10.1007/s00424-014-1654-4

Sudhof, T. C. (2015). Reproducibility: experimental mismatch in neural circuits.
Nature 528, 338–339. doi: 10.1038/nature16323

Szymusiak, R., Gvilia, I., and McGinty, D. (2007). Hypothalamic control of sleep.
Sleep Med. 8, 291–301. doi: 10.1016/j.sleep.2007.03.013

Takagi, H., Morishima, Y., Matsuyama, T., Hayashi, H., Watanabe, T., and
Wada, H. (1986). Histaminergic axons in the neostriatum and cerebral cortex
of the rat: a correlated light and electron microscopic immunocytochemical
study using histidine decarboxylase as a marker. Brain Res. 364, 114–123.
doi: 10.1016/0006-8993(86)90992-3

Takahashi, K., Kayama, Y., Lin, J. S., and Sakai, K. (2010). Locus coeruleus
neuronal activity during the sleep-waking cycle in mice. Neuroscience 169,
1115–1126. doi: 10.1016/j.neuroscience.2010.06.009

Takahashi, K., Lin, J. S., and Sakai, K. (2006). Neuronal activity of histaminergic
tuberomammillary neurons during wake-sleep states in the mouse. J. Neurosci.
26, 10292–10298. doi: 10.1523/JNEUROSCI.2341-06.2006

Takahashi, K., Lin, J. S., and Sakai, K. (2009). Characterization and mapping
of sleep-waking specific neurons in the basal forebrain and preoptic
hypothalamus in mice.Neuroscience 161, 269–292. doi: 10.1016/j.neuroscience.
2009.02.075

Takeda, N., Inagaki, S., Shiosaka, S., Taguchi, Y., Oertel, W. H., Tohyama, M.,
et al. (1984). Immunohistochemical evidence for the coexistence of histidine
decarboxylase-like and glutamate decarboxylase-like immunoreactivities in
nerve cells of the magnocellular nucleus of the posterior hypothalamus of
rats. Proc. Natl. Acad. Sci. U S A 81, 7647–7650. doi: 10.1073/pnas.81.
23.7647

Takeuchi, T., Duszkiewicz, A. J., Sonneborn, A., Spooner, P. A., Yamasaki, M.,
Watanabe, M., et al. (2016). Locus coeruleus and dopaminergic consolidation
of everyday memory. Nature 537, 357–362. doi: 10.1038/nature19325

Tan, C. M., Wilson, M. H., MacMillan, L. B., Kobilka, B. K., and Limbird, L. E.
(2002). Heterozygous α 2A-adrenergic receptor mice unveil unique therapeutic
benefits of partial agonists. Proc. Natl. Acad. Sci. U S A 99, 12471–12476.
doi: 10.1073/pnas.122368499

Taylor, N. E., Van Dort, C. J., Kenny, J. D., Pei, J., Guidera, J. A., Vlasov, K. Y., et al.
(2016). Optogenetic activation of dopamine neurons in the ventral tegmental
area induces reanimation from general anesthesia. Proc. Natl. Acad. Sci. U S A
113, 12826–12831. doi: 10.1073/pnas.1614340113

Torrealba, F., Riveros, M. E., Contreras, M., and Valdes, J. L. (2012). Histamine
and motivation. Front. Syst. Neurosci. 6:51. doi: 10.3389/fnsys.2012.00051

Trauer, J. M., Qian, M. Y., Doyle, J. S., Rajaratnam, S. M., and Cunnington, D.
(2015). Cognitive behavioral therapy for chronic insomnia: a systematic
review and meta-analysis. Ann. Intern. Med. 163, 191–204. doi: 10.7326/M
14-2841

Tritsch, N. X., Granger, A. J., and Sabatini, B. L. (2016). Mechanisms and functions
of GABA co-release. Nat. Rev. Neurosci. 17, 139–145. doi: 10.1038/nrn.2015.21

Uygun, D. S., Ye, Z., Zecharia, A. Y., Harding, E. C., Yu, X., Yustos, R.,
et al. (2016). Bottom-up versus top-down induction of sleep by zolpidem
acting on histaminergic and neocortex neurons. J. Neurosci. 36, 11171–11184.
doi: 10.1523/JNEUROSCI.3714-15.2016

van Kempen, J., Panzeri, S., and Thiele, A. (2017). Cholinergic control of
information coding. Trends Neurosci. 40, 522–524. doi: 10.1016/j.tins.2017.
06.006

Vazey, E. M., and Aston-Jones, G. (2014). Designer receptor manipulations
reveal a role of the locus coeruleus noradrenergic system in isoflurane general
anesthesia. Proc. Natl. Acad. Sci. U S A 111, 3859–3864. doi: 10.1073/pnas.
1310025111

Venn, R. M., and Grounds, R. M. (2001). Comparison between dexmedetomidine
and propofol for sedation in the intensive care unit: patient and clinician
perceptions. Br. J. Anaesth. 87, 684–690. doi: 10.1093/bja/87.5.684

Vincent, S. R., Hokfelt, T., Skirboll, L. R., and Wu, J. Y. (1983). Hypothalamic
γ-aminobutyric acid neurons project to the neocortex. Science 220, 1309–1311.
doi: 10.1126/science.6857253

Virtanen, R. (1989). Pharmacological profiles of medetomidine and its antagonist,
atipamezole. Acta Vet. Scand. Suppl. 85, 29–37.

Virtanen, R., Savola, J. M., Saano, V., and Nyman, L. (1988). Characterization of
the selectivity, specificity and potency of medetomidine as an α 2-adrenoceptor
agonist. Eur. J. Pharmacol. 150, 9–14. doi: 10.1016/0014-2999(88)90744-3

Vu, M. T., Du, G., Bayliss, D. A., and Horner, R. L. (2015). TASK channels on basal
forebrain cholinergic neurons modulate electrocortical signatures of arousal
by histamine. J. Neurosci. 35, 13555–13567. doi: 10.1523/JNEUROSCI.1445-
15.2015

Vyazovskiy, V. V., andHarris, K. D. (2013). Sleep and the single neuron: the role of
global slow oscillations in individual cell rest. Nat. Rev. Neurosci. 14, 443–451.
doi: 10.1038/nrn3494

Wada, H., Inagaki, N., Yamatodani, A., and Watanabe, T. (1991). Is the
histaminergic neuron system a regulatory center for whole-brain activity?
Trends Neurosci. 14, 415–418. doi: 10.1016/0166-2236(91)90034-r

Walker, M. P. (2017). Why We Sleep: The New Science of Sleep and Dreams. New
York, NY: Allen Lane. ISBN: 9780241269060.

Weber, F., and Dan, Y. (2016). Circuit-based interrogation of sleep control.Nature
538, 51–59. doi: 10.1038/nature19773

Weerink, M. A. S., Struys, M. M. R. F., Hannivoort, L. N., Barends, C. R. M.,
Absalom, A. R., and Colin, P. (2017). Clinical pharmacokinetics and
pharmacodynamics of dexmedetomidine. Clin. Pharmacokinet. 56, 893–913.
doi: 10.1007/s40262-017-0507-7

Whitwam, J. G., and Amrein, R. (1995). Pharmacology of flumazenil. Acta
Anaesthesiol. Scand. 108, 3–14. doi: 10.1111/j.1399-6576.1995.tb04374.x

Williams, R. H., Chee, M. J., Kroeger, D., Ferrari, L. L., Maratos-Flier, E.,
Scammell, T. E., et al. (2014). Optogenetic-mediated release of histamine
reveals distal and autoregulatory mechanisms for controlling arousal.
J. Neurosci. 34, 6023–6029. doi: 10.1523/JNEUROSCI.4838-13.2014

Winsky-Sommerer, R. (2009). Role of GABAA receptors in the physiology and
pharmacology of sleep. Eur. J. Neurosci. 29, 1779–1794. doi: 10.1111/j.1460-
9568.2009.06716.x

Wisden, W., Laurie, D. J., Monyer, H., and Seeburg, P. H. (1992). The distribution
of 13 GABAA receptor subunit mRNAs in the rat brain. I. Telencephalon,
diencephalon, mesencephalon. J. Neurosci. 12, 1040–1062.

Wisden, W., Murray, A. J., McClure, C., and Wulff, P. (2009). Studying cerebellar
circuits by remote control of selected neuronal types with GABAA receptors.
Front. Mol. Neurosci. 2:29. doi: 10.3389/neuro.02.029.2009

Wisden, W., Yu, X., and Franks, N. P. (2017). GABA receptors and the
pharmacology of sleep. Handb. Exp. Pharmacol. doi: 10.1007/164_2017_56
[Epub ahead of print].

Wlodarczyk, A. I., Xu, C., Song, I., Doronin, M., Wu, Y. W., Walker, M. C.,
et al. (2013). Tonic GABAA conductance decreases membrane time constant
and increases EPSP-spike precision in hippocampal pyramidal neurons. Front.
Neural Circuits 7:205. doi: 10.3389/fncir.2013.00205

Wouterlood, F. G., Steinbusch, H. W., Luiten, P. G., and Bol, J. G. (1987).
Projection from the prefrontal cortex to histaminergic cell groups in
the posterior hypothalamic region of the rat. Anterograde tracing with
Phaseolus vulgaris leucoagglutinin combined with immunocytochemistry of
histidine decarboxylase. Brain Res. 406, 330–336. doi: 10.1016/0006-8993(87)
90802-x

Wu, M. F., Gulyani, S. A., Yau, E., Mignot, E., Phan, B., and Siegel, J. M. (1999).
Locus coeruleus neurons: cessation of activity during cataplexy. Neuroscience
91, 1389–1399. doi: 10.1016/s0306-4522(98)00600-9

Wulff, P., Goetz, T., Leppä, E., Linden, A. M., Renzi, M., Swinny, J. D., et al. (2007).
From synapse to behavior: rapid modulation of defined neuronal types with
engineered GABAA receptors.Nat. Neurosci. 10, 923–929. doi: 10.1038/nn1927

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., et al. (2013).
Sleep drives metabolite clearance from the adult brain. Science 342, 373–377.
doi: 10.1126/science.1241224

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

Yang, C., Thankachan, S., McCarley, R. W., and Brown, R. E. (2017). The
menagerie of the basal forebrain: how many (neural) species are there, what

Frontiers in Neural Circuits | www.frontiersin.org 16 January 2018 | Volume 12 | Article 4

https://doi.org/10.1038/nn0606-721
https://doi.org/10.1016/0306-4522(87)90077-7
https://doi.org/10.1016/0306-4522(87)90077-7
https://doi.org/10.1007/s00424-014-1654-4
https://doi.org/10.1038/nature16323
https://doi.org/10.1016/j.sleep.2007.03.013
https://doi.org/10.1016/0006-8993(86)90992-3
https://doi.org/10.1016/j.neuroscience.2010.06.009
https://doi.org/10.1523/JNEUROSCI.2341-06.2006
https://doi.org/10.1016/j.neuroscience.2009.02.075
https://doi.org/10.1016/j.neuroscience.2009.02.075
https://doi.org/10.1073/pnas.81.23.7647
https://doi.org/10.1073/pnas.81.23.7647
https://doi.org/10.1038/nature19325
https://doi.org/10.1073/pnas.122368499
https://doi.org/10.1073/pnas.1614340113
https://doi.org/10.3389/fnsys.2012.00051
https://doi.org/10.7326/M14-2841
https://doi.org/10.7326/M14-2841
https://doi.org/10.1038/nrn.2015.21
https://doi.org/10.1523/JNEUROSCI.3714-15.2016
https://doi.org/10.1016/j.tins.2017.06.006
https://doi.org/10.1016/j.tins.2017.06.006
https://doi.org/10.1073/pnas.1310025111
https://doi.org/10.1073/pnas.1310025111
https://doi.org/10.1093/bja/87.5.684
https://doi.org/10.1126/science.6857253
https://doi.org/10.1016/0014-2999(88)90744-3
https://doi.org/10.1523/JNEUROSCI.1445-15.2015
https://doi.org/10.1523/JNEUROSCI.1445-15.2015
https://doi.org/10.1038/nrn3494
https://doi.org/10.1016/0166-2236(91)90034-r
https://doi.org/10.1038/nature19773
https://doi.org/10.1007/s40262-017-0507-7
https://doi.org/10.1111/j.1399-6576.1995.tb04374.x
https://doi.org/10.1523/JNEUROSCI.4838-13.2014
https://doi.org/10.1111/j.1460-9568.2009.06716.x
https://doi.org/10.1111/j.1460-9568.2009.06716.x
https://doi.org/10.3389/neuro.02.029.2009
https://doi.org/10.1007/164_2017_56
https://doi.org/10.1007/164_2017_56
https://doi.org/10.3389/fncir.2013.00205
https://doi.org/10.1016/0006-8993(87)90802-x
https://doi.org/10.1016/0006-8993(87)90802-x
https://doi.org/10.1016/s0306-4522(98)00600-9
https://doi.org/10.1038/nn1927
https://doi.org/10.1126/science.1241224
https://doi.org/10.1038/nn.4143
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles


Yu et al. Neuromodulators, Sleep and Sedative States

do they look like, how do they behave and who talks to whom? Curr. Opin.
Neurobiol. 44, 159–166. doi: 10.1016/j.conb.2017.05.004

Yao, L., Ramirez, A. D., Roecker, A. J., Fox, S. V., Uslaner, J. M., Smith, S. M.,
et al. (2017). The dual orexin receptor antagonist, DORA-22, lowers histamine
levels in the lateral hypothalamus and prefrontal cortex without lowering
hippocampal acetylcholine. J. Neurochem. 142, 204–214. doi: 10.1111/jnc.
14055

Yeung, W. F., Chung, K. F., Yung, K. P., and Ng, T. H. (2015). Doxepin for
insomnia: a systematic review of randomized placebo-controlled trials. Sleep
Med. Rev. 19, 75–83. doi: 10.1016/j.smrv.2014.06.001

Yoshikawa, T., Naganuma, F., Iida, T., Nakamura, T., Harada, R., Mohsen, A. S.,
et al. (2013). Molecular mechanism of histamine clearance by primary human
astrocytes. Glia 61, 905–916. doi: 10.1002/glia.22484

Yu, X., Ye, Z., Houston, C. M., Zecharia, A. Y., Ma, Y., Zhang, Z., et al. (2015).
Wakefulness is governed by GABA and histamine cotransmission. Neuron 87,
164–178. doi: 10.1016/j.neuron.2015.06.003

Yu, X., Zecharia, A., Zhang, Z., Yang, Q., Yustos, R., Jager, P., et al. (2014).
Circadian factor BMAL1 in histaminergic neurons regulates sleep architecture.
Curr. Biol. 24, 2838–2844. doi: 10.1016/j.cub.2014.10.019

Zant, J. C., Rozov, S., Wigren, H. K., Panula, P., and Porkka-Heiskanen, T. (2012).
Histamine release in the basal forebrain mediates cortical activation through

cholinergic neurons. J. Neurosci. 32, 13244–13254. doi: 10.1523/JNEUROSCI.
5933-11.2012

Zecharia, A. Y., Yu, X., Götz, T., Ye, Z., Carr, D. R., Wulff, P., et al.
(2012). GABAergic inhibition of histaminergic neurons regulates active
waking but not the sleep-wake switch or propofol-induced loss of
consciousness. J. Neurosci. 32, 13062–13075. doi: 10.1523/JNEUROSCI.2931-
12.2012

Zhang, Z., Ferretti, V., Güntan, I., Moro, A., Steinberg, E. A., Ye, Z., et al. (2015).
Neuronal ensembles sufficient for recovery sleep and the sedative actions of
α2 adrenergic agonists. Nat. Neurosci. 18, 553–561. doi: 10.1038/nn.3957

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Yu, Franks and Wisden. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neural Circuits | www.frontiersin.org 17 January 2018 | Volume 12 | Article 4

https://doi.org/10.1016/j.conb.2017.05.004
https://doi.org/10.1111/jnc.14055
https://doi.org/10.1111/jnc.14055
https://doi.org/10.1016/j.smrv.2014.06.001
https://doi.org/10.1002/glia.22484
https://doi.org/10.1016/j.neuron.2015.06.003
https://doi.org/10.1016/j.cub.2014.10.019
https://doi.org/10.1523/JNEUROSCI.5933-11.2012
https://doi.org/10.1523/JNEUROSCI.5933-11.2012
https://doi.org/10.1523/JNEUROSCI.2931-12.2012
https://doi.org/10.1523/JNEUROSCI.2931-12.2012
https://doi.org/10.1038/nn.3957
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

	Sleep and Sedative States Induced by Targeting the Histamine and Noradrenergic Systems
	INTRODUCTION
	NEUROMODULATION AND THE WAKING STATE
	THE REGULATION OF NATURAL SLEEP
	MORE ON THE PREOPTIC AREA AND THE INDUCTION OF NATURAL NREM SLEEP
	THE PURPOSE OF SLEEP
	SLEEPING MEDICATION AND SEDATIVES
	HISTAMINE AND WAKEFULNESS
	LOCAL CIRCADIAN CLOCK REGULATION OF HISTAMINE PRODUCTION
	HISTAMINE-GABA CO-RELEASE
	GABAA RECEPTOR POSITIVE ALLOSTERIC MODULATORS—ZOLPIDEM, THE MOST COMMONLY USED SLEEPING MEDICATION
	ZOLPIDEM AND THE SUPPRESSION OF THE WAKE-PROMOTING HISTAMINE SYSTEM
	NA AND WAKEFULNESS
	THE 2 ADRENERGIC SEDATIVES DEXMEDETOMIDINE, GUANFACINE AND XYLAZINE
	CHALLENGING THE ASSUMPTION THAT 2a AUTORECEPTORS ON THE LC MEDIATE THE SEDATIVE ACTIONS OF 2 ADRENERGIC AGONISTS
	THE HYPOTHALAMIC PREOPTIC AREA AND 2 ADRENERGIC AGONIST INDUCED-SLEEP
	2 ADRENERGIC SEDATIVE DRUGS, LOSS-OF-RIGHTING REFLEX, AND THE BRAINSTEM CIRCUIT THAT PRODUCES REM-SLEEP ATONIA/PARALYSIS
	CONCLUSION AND MAJOR GAPS IN KNOWLEDGE
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


