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Abstract The three vigilance states (wakefulness [W], slow wave sleep [SWS],
rapid eye movement sleep [REMS]) are controlled by distinct, but interconnected,
networks of neurons. The sleep/arousal network consists of separate systems of
W-promoting and SWS-promoting neurons, located in nuclei in the basal forebrain,
diencephalon and brainstem. Each neuronal system operates via a distinct neurotransmitter, providing its unique “neurochemical signature”. W-promoting neurons
are active during W and quiescent during SWS, whereas SWS-promoting neurons
are active during SWS and cease to fire during W. The level of arousal at any one
time reflects the intricate balance between W-promoting and SWS-promoting
systems. W is the result of cortical activation by W-promoting neurons; sleep
ensues when SWS-promoting neurons switch off the W-promoting systems.
REMS is regulated by a network of REMS-promoting and REMS-inhibiting neurons located in the brainstem and hypothalamus. A third network is responsible for
the regulation of the circadian rhythmicity of the wakefulness/sleep cycle. The
neurochemical signatures of W-promoting and SWS-promoting neurons make it
possible to develop drugs that, by targeting specific neuroreceptors and synaptic
mechanisms, have predictable effects on sleep and arousal. Arousal-modifying
drugs act by tipping the balance between W-promoting and SWS-promoting neuronal activity. Thus a sedative drug, useful for the treatment of insomnia, may act
by activating a SWS-promoting system (e.g. benzodiazepines, melatonin receptor
agonists) or inhibiting a W-promoting system (e.g. H1-antihistamines, orexin
receptor antagonists). Conversely, an alerting drug, useful for the treatment of
excessive daytime sleepiness, may inhibit a SWS-promoting system or activate a
W-promoting system (e.g. psychostimulants, H3 histamine receptor antagonists).
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DR
LC
LDT
LGN
LH
MCH
PBN
PC
PF
PPT
PVN
SCN
SLD
SPZ
Th
TMN
TPR
vGC
vlPAG
VLPO
VPAG
VTA
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Dorsal raphe nucleus
Locus coeruleus
Laterodorsal tegmental nucleus
Lateral geniculate nucleus
Lateral hypothalamic area
Melanin concentrating hormone
Parabrachial nucleus
Precoeruleus nucleus
Perifornical area
Pedunculopontine tegmental nucleus
Paraventricular nucleus
Suprachiasmatic nucleus
Sublaterodorsal nucleus
Subparaventricular zone
Thalamus
Tuberomamillary nucleus
Tegmentopontine reticular nucleus
Ventral gigantocellular nucleus
Ventrolateral periaquductal grey (matter)
Ventrolateral preopic nucleus
Ventral periaquductal grey (matter)
Ventral tegmental area

1 Introduction
The mode of action of drugs used to treat the two major categories of sleep disorder
(insomnia and hypersomnia) used to be interpreted on the basis that the level of
arousal reflected the general excitability of the brain (Esplin 1970). Each level of
general neuronal activity is reflected in the dominant frequency in the EEG and
corresponds to a well-defined state of arousal along the “maximum depression
(coma)” $ “maximum excitation (convulsions)” continuum. The drugs to treat
insomnia (hypnotics) used to be regarded as general (nonselective) CNS depressants that depressed the activity of all neurons and shifted the levels of neuronal
excitability and arousal downwards (towards sedation), whereas drugs to treat
hypersomnia were classified as general (nonselective) CNS stimulants that
increased the activity of all neurons and shifted the levels of excitability and arousal
upwards (towards alertness). The effect of a given dose of a sedative or stimulant
drug was dependent on the baseline (pre-treatment) level of activity of the CNS, a
sedative drug causing a greater degree of sedation if the CNS was already depressed
(Esplin 1970).
The lack of selectivity of sedative drugs (e.g. barbiturates, benzodiazepines) was
supported by observations that, apart from hypnotic effects, they also possess some
other actions (e.g. anaesthetic, anxiolytic, anticonvulsant) that can be related to
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general CNS depression. However, on the other hand, it was also realized that even
the nonselective drugs show some selectivity (e.g. different barbiturates have
variable potencies as hypnotics, anaesthetics, anxiolytics and anticonvulsant). Furthermore, different groups of neurons show differential sensitivities: inhibitory
interneurons are especially sensitive, leading to a paradoxical excitatory effect
after the administration of relatively small doses of a sedative drug, whereas
some neurons controlling vital functions (e.g. respiration) are relatively resistant
(Esplin 1970).
It has been discovered over the past 20 years or so that arousal-modifying drugs
are not nonselective, as used to be believed, but rather show a great degree of
selectivity. This selectivity is both anatomical and neurochemical: the drugs act on
specific neurochemically identified sites (“targets”) in the brain that are critical for
the regulation of sleep and wakefulness (Szabadi 2014). The functional significance
of each target depends on its location within a well-defined arousal-modifying
network (see Sect. 2).
Unravelling the sleep/arousal networks creates an opportunity for the classification of arousal-modifying drugs according to mechanism of action. The basis for
this classification is the understanding that the level of arousal at any one time
reflects the intricate balance between sleep-promoting and wake-promoting neuronal systems. Thus the level of arousal will be decreased by a drug that either
activates a sleep-promoting system (e.g. benzodiazepines) or inhibits a wakepromoting system (e.g. antihistamines), whereas it will be increased by a drug
that either activates a wake-promoting system (e.g. amphetamine, modafinil) or
inhibits a sleep-promoting system. There are no therapeutically useful examples of
alerting (stimulant) drugs that act by inhibiting a sleep-promoting system (e.g. the
GABA receptor antagonists are also convulsants) (Szabadi 2014).
Targets of arousal-modifying drugs are specified both at the level of the arousal
system and the cellular mechanism within that system. For example, a drug may be
aimed at blocking release-inhibiting H3 receptors in the histaminergic wakepromoting system (see Sect. 4.1.3), or at stimulating melatonin receptors in the
sleep-promoting suprachiasmatic nucleus/melatonin system (see Sect. 3.4.2).

2 Neuronal Networks Regulating Sleep and Arousal
On the basis of the level of arousal, it is possible to distinguish between three
vigilance states (Fort et al. 2009): wakefulness (W), slow wave sleep (SWS) and
rapid eye movement (REM) sleep (REMS). Each vigilance state is defined by the
EEG: W and REMS are characterized by desynchronized, low amplitude, high
frequency (alpha and beta) waves, whereas in SWS the EEG is synchronized with
high amplitude low frequency (delta and theta) waves (Lin et al. 2011). The three
vigilance states are regulated by distinct neuronal networks, consisting of neuronal
groups (nuclei) and their connections, located in the basal forebrain, diencephalon
and brainstem. Each neuronal group within a network has its unique
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“neurochemical signature” derived from the neurotransmitter used. It is possible to
distinguish between three separate, but interconnected, networks: the W/SWS
network, the REMS network and the circadian network.

2.1

Sleep/Arousal Network

The level of arousal at any one time reflects the intricate interplay between distinct
W-promoting and SWS-promoting nuclei. Each of these nuclei is defined both
anatomically and neurochemically, i.e. by the neurotransmitter utilized. The
W-promoting nuclei are maximally active during wakefulness, show reduced
activity during SWS and are quiescent during REMS. On the other hand, the
SWS-promoting nuclei are maximally active during sleep and quiescent during
wakefulness. The W-promoting and SWS-promoting nuclei, together with their
major connections, are shown in Fig. 1. The W-promoting neurons send excitatory
projections to the cerebral cortex and other W-promoting nuclei, and inhibitory
outputs to SWS-promoting nuclei. The SWS-promoting neurons exert inhibitory
influence on the W-promoting nuclei (Szabadi 2014).
W-promoting neurons can be found in the basal forebrain (BF), the diencephalon
(thalamus and hypothalamus) and the brainstem. The BF contains W-promoting
cholinergic neurons. There are W-promoting glutamatergic neurons in the thalamus. Hypothalamic W-promoting nuclei include the histaminergic
tuberomamillary nucleus (TMN) and the orexinergic neurons of the lateral hypothalamic/perifornical are (LH/PF). W-promoting nuclei in the brainstem are the
noradrenergic locus coeruleus (LC), the dopaminergic ventral tegmental area
(VTA), the serotonergic dorsal raphe nucleus (DR) and the cholinergic
pedunulopontine tegmental/laterodrosal tegmental nuclei (PPT/LDT). The
PPT/LDT also contain REMS-promoting cholinergic neurons that are inhibited
by the LC (see Sect. 2.2) (Szabadi 2014).
The basal forebrain contains some SWS-promoting GABAergic inhibitory neurons projecting to the cerebral cortex: these neurons are inhibited by a noradrenergic input from the LC (Fig. 5) (Szabadi 2013). The major SWS-promoting nucleus
is the ventrolateral preoptic nucleus (VLPO) of the hypothalamus. GABAergic
inhibitory neurons from the VLPO project to the TMN and LC. During wakefulness
VLPO activity is switched off by an inhibitory input from the LC. Neurons
containing the neuropeptide melanin concentrating hormone (MCH), located in
the lateral hypothalamus, intermingled with orexinergic neurons, exert a
SWS-promoting action by sending inhibitory projections to all W-promoting
nuclei. There are also short-axon GABAergic inhibitory interneurons in the
brainstem that exert a SWS-promoting effect by inhibiting W-promoting noradrenergic and dopaminergic neurons (Szabadi 2014).
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Fig. 1 Schematic diagram of the connections within the neuronal network regulating slow wave
sleep and wakefulness (“sleep/arousal network”). Wake-promoting nuclei (yellow): BF, basal
forebrain; TMN, tuberomamillary nucleus; LH, lateral hypothalamic area; Th, thalamus; LC,
locus coeruleus; VTA, ventral tegmental area; PPT, pedunculopontine tegmental nucleus; R,
raphe nuclei. Sleep-promoting nuclei (purple): VLPO, ventrolateral preoptic nucleus; in,
GABAergic interneurons; GABAergic interneurons; LH, lateral hypothalamic area. REM sleeppromoting nucleus (white): PPT, pedunculopontine tegmental nucleus. Connections: arrows (red:
excitatory; blue: inhibitory). Lettering next to arrow: neurotransmitter (ACh: acetylcholine; NA:
noradrenaline; H: histamine; Ox: orexin; GABA: γ-aminobutyric acid; DA: dopamine; 5HT:
5-hydroxytryptamine; Glu: glutamate; MCH: melanin-concentrating hormone). Receptors: α1,
excitatory α1-adrenoceptors; α2, inhibitory α2-adrenoceptors; H1, excitatory H1 histamine receptors; 5HT2A and 5HT2C, excitatory 5HT receptors. See text (Sect. 2.1) for details. Reproduced,
with permission, from Szabadi (2014)

2.2

REM-Sleep Network

REM sleep is also called paradoxical or active sleep since, although the level of
consciousness is restricted, the EEG is almost indistinguishable from that associated with W (McCarley 2007). REMS is also characterized, by definition, by the
presence of phasic conjugate saccadic eye movements (“rapid eye movements”)
(Peigneux et al. 2001). In association with rapid eye movements electrical field
potentials can be recorded in the pons, lateral geniculate bodies and occipital cortex
(ponto-geniculo-occipital [PGO] spikes). PGO spikes are best recorded in experimental animals using deep electrodes, but they are also likely to occur in humans
(McCarley 2007). Other features associated with REMS are muscle atonia (Chase
2013), penile erections (Hirshkowitz and Schmidt 2005) and dreaming (Hobson
2009).

30

E. Szabadi

The network regulating REMS consists of REMS-promoting and REMSinhibiting nuclei, their interconnections and outputs to structures responsible for
the somatic/behavioural changes characterizing REMS (Fig. 2). The neurotransmitters used by REMS-promoting nuclei are MCH (lateral hypothalamic area),
acetylcholine (PPT/LDT) and glutamate (sublaterodorsal [SLD], precoeruleus
[PC] and parabrachial [PBN] nuclei) (Saper et al. 2010; Luppi et al. 2011).
REMS-inhibiting nuclei contain noradrenaline (LC), serotonin (DR), or GABA
(ventrolateral periaqueductal grey matter [vlPAG]). The REMS-promoting neurons
are active during REMS (“REM-on neurons”) and quiescent during W and SWS,
whereas the REMS-inhibiting neurons are active during W and SWS and quiescent
during REMS (“REM-off neurons”). The REMS-inhibiting neurons of the
brainstem inhibit the REMS-promoting neurons: the monoaminergic neurons, the
cholinergic neurons, the GABAergic neurons and the glutamatergic neurons. In
fact, there are reciprocal inhibitory links between the REMS-promoting and REMSinhibiting nuclei (not shown in Fig. 2): this creates an unstable “flip-flop” situation
allowing for switching in and out of REMS (Saper et al. 2010). The
MCH-containing hypothalamic neurons can switch on REMS by inhibiting
REMS-inhibiting monoaminergic and GABAergic neurons, and thus disinhibiting
the cholinergic and glutamatergic REMS-promoting nuclei (Luppi et al. 2013; Jego
et al. 2013).
Cortical activation during REMS is brought about by direct excitatory outputs
from the cholinergic and glutamatergic REMS-promoting nuclei. The activation of
the visual cortex, via an excitatory output from the lateral geniculate nucleus
(LGN), originating from the PPT/LDT, underlies the generation of PGO spikes
and dreams during REMS. Impairment of the balance between excitatory cholinergic and inhibitory serotonergic inputs to the LGN has been implicated in the
generation of complex visual hallucinations (Manford and Andermann 1998).
Horizontal saccadic eye movements are controlled by premotor neurons in the
tegmentopontine reticular nucleus (TPR) (Büttner-Ennever and Horn 1997). The
activation of the TPR by a glutamatergic input from the SLD may be responsible for
the rapid eye movements in REMS (Sánchez-Lopez and Escudero 2011).
The activity of striated muscles is stimulated by a noradrenergic facilitatory
influence on motoneurons originating from the LC, and is inhibited by a
glycinergic/GABAergic influence on motoneurons originating from the ventral
gigantocellular nucleus (vGC) of the medulla and a network of medullary and
spinal interneurons (Saper et al. 2010). The atonia of the skeletal muscles and the
relaxation of the facial (e.g. chin) muscles are due partly to the withdrawal of the
noradrenergic stimulation of motoneurons (McGregor and Siegel 2010; Peever
2011) and partly to the activation of the glycinergic/GABAergic neurons in the
vGC (Luppi et al. 2011; Chase 2013). Trigeminal motoneurons also cease their
activity during REMS leading to the relaxation of the masseter muscle (Peever
2011). Recently a descending glutamatergic pathway from the SLD to the spinal
inhibitory interneuron pool has been implicated in the causation of REMS-related
atonia (Krenzer et al. 2011). In rapid-eye-movement-sleep behaviour disorder
(RBD), a parasomnia associated with REMS, skeletal muscle atonia is absent
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Fig. 2 Schematic diagram of the connections within the neuronal network regulating REM sleep
(“REM sleep network”). REMS-promoting nuclei (yellow): LH, lateral hypothalamic area;
PPT/LDT, pedunculopontine/laterodrosal tegmental nuclei; SLD, sublaterodorsal nucleus; PC,
precoeruleus nucleus; PBN: parabrachial nuclei. REMS-inhibiting nuclei (purple): vPAG, ventral
periaqueductal grey matter; LC, locus coeruleus; DR, dorsal raphe nucleus). Target nuclei (white):
LGN, lateral geniculate nucleus; PVN, paraventricular nucleus; TPR, tegmentopontine reticular
nucleus; vGC, ventral gigantocellular nucleus; III, VI, VII, cranial nerve motor nuclei (III:
oculomotor; VI: abducens; VII: facial); SMN, spinal motoneurons; IML, intermediolateral column
of spinal cord; PG, pelvic ganglion. Connections: arrows (red: excitatory; blue: inhibitory).
Lettering next to arrow: neurotransmitter (MCH: melanin concentrating hormone; GABA:
γ-aminobutyric acid; Gly: glycine; Glu: glutamate; NA: noradrenaline; 5HT:
5-hydroxytryptamine [serotonin]; ACh: acetylcholine; OT: oxytocin; VIP: vasoactive intestine
polypeptide). Receptors: α1, excitatory α1-adrenoceptors; α2, inhibitory α2-adrenoceptors. See text
(Sect. 2.2) for details
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during episodes of REMS and the patient may act out his/her dream experiences.
RBD is due to brainstem lesions caused by neurodegenerative disorders (Luppi
et al. 2011).
Penile erections are due to the engorgement of the cavernous body of the penis
with blood as a result of the dilation of penile arteries and relaxation of the
cavernous body. This response is mediated by the sacral parasympathetic outflow,
which, in turn, is under the influence of the paraventricular nucleus (PVN) of the
hypothalamus (Giuliano and Rampin 2004; Argiolas and Melis 2005). Penile
erections associated with REMS (Hirshkowitz and Schmidt 2005) are likely to be
due to the activation of parasympathetic premotor neurons in the PVN by a
glutamatergic output from the SLD. Indeed, the PVN is rich in glutamatergic
synapses (Argiolas and Melis 2005).
Our knowledge of the pharmacology of the REMS network is rather patchy
compared to that of the W/SWS network. Interference with the cholinergic/monoaminergic REMS-promoting/REMS-inhibiting circuitry has predictable effects:
cholinergic drugs, such as cholinesterase inhibitors, augment REMS (Schredl
et al. 2006), whereas anticholinergic drugs (e.g. scopolamine) (Rao et al. 2004)
and monoaminergic drugs (e.g. reuptake-inhibiting antidepressants) (Göder
et al. 2011) suppress it. RBD can be treated with the GABAergic benzodiazepine
clonazepam that can restore muscle atonia during episodes of REMS (Luppi
et al. 2013), probably by potentiating the GABAergic inhibitory influence on
motoneurons.

2.3

Circadian Network

Many bodily functions (body temperature, locomotor activity, feeding, autonomic
and endocrine activity, sleep/arousal) show rhythmic circadian (near-daily) fluctuations. The suprachiasmatic nucleus (SCN) of the hypothalamus is the central
generator of circadian rhythms (Kalsbeek et al. 2006). A schematic diagram of
the major outputs from the SCN, involved in circadian regulation, is shown in
Fig. 3. The SCN, via excitatory output neurons using glutamate and the neuropeptides vasopressin and vasoactive intestinal polypeptide as transmitters (Mistlberger
2005), projects to two hypothalamic areas: the subparaventricular zone (SPZ) and
the dorsomedial hypothalamus (DMH) (Fuller et al. 2006). The dorsal SPZ has been
implicated in regulating the circadian rhythm of body temperature. The ventral SPZ
projects to the DMH. The DMH is involved in the regulation of the rhythmicity of
locomotor activity and sleep and arousal. Both glutamatergic excitatory and
GABAergic inhibitory outputs from the DMH increase the level of arousal: the
excitatory output by activating the LH and LC and the inhibitory output by
inhibiting the VLPO. Light exerts its wake-promoting effect via this pathway:
light stimulates the retina that sends a glutamatergic excitatory output to the
SCN. This effect countermands the sleep-promoting effect of light arising from
the direct stimulation of the VLPO (see also Sect. 4.5.1, Photomodulation).
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Fig. 3 Schematic diagram of the connections within the neuronal network controlling circadian
regulation (“circadian network”). Wake-promoting nuclei (yellow): LH, lateral hypothalamic area;
TMN, tuberomamillary nucleus; LC, locus coeruleus). Sleep-promoting nucleus (purple): VLPO,
ventrolateral preoptic nucleus. SCN: suprachiasmatic nucleus (blue: inhibitory output neurons;
red: excitatory output neurons). Target and relay nuclei (white): DMH, dorsomedial hypothalamus; SPZ, subparaventricular zone; PVN, paraventricular nucleus; IML, intermediolateral column
of spinal cord; SCG, superior cervical ganglion. Target functions: T, body temperature; LA,
locomotor activity. Connections: arrows (red: excitatory, blue: inhibitory, broken blue: inhibitory
hormonal; broken black: functional). Lettering next to arrow: neurotransmitter (Glu: glutamate,
GABA: γ-aminobutyric acid; NA: noradrenaline; Ox: orexin; H: histamine; VP: vasopressin; ACh:
acetylcholine). Receptors: α1, excitatory α1-adrenoceptors; β1, excitatory β1-adrenoceptors. See
text (Sect. 2.3) for details

There is a GABAergic inhibitory output from the SCN to the premotor sympathetic neurons of the PVN that control sympathetic outflow from the lower cervical/
upper thoracic spinal cord (C8-T2) to the dilator muscle of the iris and the pineal
gland (Kalsbeek et al. 2000). The pineal gland synthesizes and secretes the “sleep
hormone” melatonin. Melatonin has sleep-promoting propensity due to the stimulation of inhibitory MT1 receptors on wake-promoting SCN neurons (Szabadi
2014). The GABAergic output neurons in the SCN control the circadian activity
of melatonin secretion: during day time, when these neurons are maximally active,
no melatonin is secreted, while during night time, when these neurons are quiescent, melatonin is synthesized and secreted. Light can switch off melatonin
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secretion during night time (“melatonin suppression”) by stimulating the light
sensitive GABAergic inhibitory output neurons in the SCN.
Melatonin and/or light stimulation are used to treat sleep disorders arising from
circadian dysregulation (“circadian rhythm sleep disorders”) (Dodson and Zee
2010).

3 Drugs Interacting with Sleep-Promoting Systems
3.1
3.1.1

GABA
The GABAergic Sleep-Promoting System

The amino acid GABA is the major inhibitory neurotransmitter in the brain.
GABAergic neurons are widely distributed throughout the neuraxis (Niewenhuys
1985; Rudolph 2004). GABAergic neurons play an important role in the regulation
of sleep and arousal: they promote SWS and inhibit REMS (Figs. 1 and 2).
SWS-promoting GABAergic neurons are localized either in distinct nuclei from
which they project to distinct targets (“projection neurons”) or have a more diffuse
distribution in the vicinity of their targets (“interneurons”). GABAergic neurons in
the BF project to the cerebral cortex where they exert a sleep-promoting effect
(Manns et al. 2003). These neurons, like the GABAergic neurons of the VLPO, are
inhibited by the LC (Fig. 5). Paradoxically, the GABAergic neurons of the BF can
also mediate a W-promoting effect by inhibiting inhibitory interneurons in the
cerebral cortex, and thus disinhibiting cortical activity (Lin et al. 2011).
GABAergic neurons in the VLPO, together with neurons containing the inhibitory
neuropeptide galanin, project to the major W-promoting nuclei, such as the TMN
and LC (España and Scammell 2011). There is a reciprocal inhibitory connection
from the LC to the VLPO (Fig. 1). GABAergic interneurons in the brainstem, in the
vicinity of the VTA and LC, exert an inhibitory influence on these catecholaminergic W-promoting nuclei. The activity of the GABAergic interneurons is facilitated by an excitatory serotonergic input from the DR stimulating 5HT2C receptors
(Gobert et al. 2000). Recently GABAergic neurons have been identified in the
nucleus accumbens (ventral striatum): they project to W-promoting nuclei and thus
may promote SWS (Lazarus et al. 2011).

3.1.2

GABA Receptors

GABA exerts its inhibitory effects by interacting with distinct receptors. Three
GABA receptors have been identified: GABAA, GABAB and GABAC. Of these the
GABAA receptor is the most important in the regulation of sleep and arousal, and
most available GABAergic drugs act via GABAA receptors.
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Fig. 4 Schematic diagram of the GABAA receptor. The receptor is a chloride-gated ion channel
that is opened when the receptor is activated by agonists. Numbers indicate binding sites for
agonists. 1 orthosteric binding site for the natural transmitter (GABA); 2 to 6 binding sites for
allosteric modulators (2 for benzodiazepines; 3 for anaesthetics; 4 for ethanol; 5 for barbiturates; 6:
for neurosteroids). Positive allosteric modulators enhance the effect of GABA. See text
(Sect. 3.1.2) for details. Modified, with permission, from Rudolph (2004)

The GABAA receptor is an ionotropic receptor: it mediates the passage of
chloride ions into the cell leading to membrane hyperpolarization. In fact, the
GABAA receptor is a ligand-gated chloride channel (Fig. 4). It has a pentameric
structure corresponding to five subunits. GABAA receptors containing the α1
subunit are the most relevant for sedative drug action. The GABAA receptor,
apart from a binding site for the natural neurotransmitter GABA (“orthosteric
site”), also contains a number of binding sites for different drugs that modulate
the activity of the receptor (“allosteric sites”). The positive allosteric GABAA
receptor modulators, that include benzodiazepines, some anaesthetics, ethanol,
barbiturates and neurosteroids, enhance the effect of endogenous GABA (Rudolph
2004; Sigel and Steinmann 2012). GABAA receptors occur both postsynaptically in
close association with GABAergic nerve terminals and extrasynaptically on neurons located at some distance from the site of release. Extrasynaptic GABAA
receptors mediate a slow tonic inhibitory response (Winsky-Sommerer 2009;
Rudolph and Knoflach 2011).
The GABAB receptor is a metabotropic receptor that signals via G-proteins.
These receptors also mediate neuronal inhibition (Pinard et al. 2010). GABAB
receptors occur both presynaptically and postsynaptically. These receptors have
been identified on W-promoting cholinergic neurons in the LDT and serotonergic
neurons in the DR, mediating the sleep-promoting effect of GABA (Kohlmeier
et al. 2013).
Relatively little is known about GABAC receptors. A number of ligands have
been developed for these receptors with the aim of exploring their physiological
role and the therapeutic potential of drugs interacting with them (Johnston
et al. 2003).
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Sleep-Promoting GABAergic Activators

GABAA Receptor Agonists
A number of orthosteric GABAA receptor agonists have been developed, of which
gaboxadol (THIP) appears to be the most promising. Gaboxadol is selective for
extrasynaptic GABAA receptors (Belelli et al. 2005). It has hypnotic effects and has
reached the stage of clinical trial for the treatment of insomnia (Roth et al. 2010).
However, further development has been halted due to unexpected side effects
(hallucinations, disorientations) (Rudolph and Knoflach 2011).

GABAA Receptor Modulators
Drugs acting at the benzodiazepine site (also referred to as the “benzodiazepine
receptor”) include the benzodiazepines themselves (e.g. diazepam, temazepam) and
the “Z” drugs (zolpidem, zopiclone/eszopiclone, zaleplon). These are the most
commonly prescribed drugs for insomnia (Wilson et al. 2010; Proctor and Bianchi
2012). The adverse effects of the benzodiazepines (hangover effects causing daytime sedation, cognitive and psychomotor impairment, development of tolerance
and dependence) are well recognized, and the Z drugs also share some of the
disadvantages of benzodiazepines. However, it may be possible to improve the
clinical usefulness of GABAA receptor modulators by fine-tuning the properties of
new drugs according to the subtype (constellation of subunits) of GABAA receptor
targeted (Winsky-Sommerer 2009; Nutt and Stahl 2010; Rudolph and Knoflach
2011).
The barbiturates act at the barbiturate site. These drugs, apart from acting as
allosteric modulators of the GABAA receptor, also have some direct agonistic
activity at the receptor. During the first half of the twentieth century, prior to the
discovery of the benzodiazepines, these drugs were the most commonly used
hypnotics. They are still used as anticonvulsants (phenobarbital) and anaesthetics
(pentobarbital).
A number of intravenous (etomidate, propofol) and volatile (enflurane,
isoflurane) anaesthetics produce sedation by enhancing GABAergic activity by
binding to the anaesthetic site of the GABAA receptor. It should be noted, however,
that the GABAA receptor may not be the only target of these drugs. It has been
proposed that GABAergic anaesthetics, that also include the anaesthetic barbiturates (e.g. pentobarbital, thiopental), may act by stimulating GABAA receptors at
the projection targets of VLPO neurons, such as the TMN. The increased inhibition
of the wake-promoting histaminergic neurons of the TMN would lead to withdrawal of the histaminergic stimulation of the cerebral cortex, and this in turn
would result in sedation (Nelson et al. 2002). It should be noted, however, that this
model has been challenged recently (Zecharia et al. 2012).
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There is an allosteric binding site on the GABAA receptor for neurosteroids
(or neuroactive steroids) that can evoke rapid changes in neuronal excitability via
the potentiation of GABAergic neurotransmission. Some steroids of the pregnane
class, synthesized by neurons and glia cells, act as powerful endogenous regulators
of GABAA receptor function (Lambert et al. 2009). There is evidence that
neurosteroids (e.g. pregnalone, progesterone) have sleep-promoting effects both
in experimental animals and humans (Steiger 2007). It is likely that synthetic
steroid anaesthetics (e.g. alphaxolone) exert their sedative effects via this site
(Lambert et al. 2009).
There is an allosteric binding site for ethanol that is different from the benzodiazepine and barbiturate sites. Ethanol has sleep-promoting effects (Dijk
et al. 1992), and is often used as a hypnotic (Johnson et al. 1998).

GABAB Receptor Agonists
Baclofen is an orthosteric GABAB receptor agonist available for the treatment of
spasticity. Drowsiness is one of its side effects, consistent with its sleep-promoting
propensity (Bowery 2006).
γ-Hydroxybutyric acid (GHB, sodium oxybate) is an orthosteric partial agonist at
GABAB receptors. In addition, it also interacts with some high-affinity binding sites
(“GHB receptors”) that have recently been identified as a subtype of the GABAA
receptor (Bay et al. 2014). GHB is sleep promoting (Kohlmeier et al. 2013). It is
licensed for the treatment of narcolepsy with cataplexy: there is evidence that GHB
ameliorates all the cardinal symptoms of this disorder (i.e. it reduces cataplexy and
EDS/daytime sleep attacks and improves sleep architecture) (Boscolo-Berto
et al. 2012).

GABA Reuptake Inhibitors
Released GABA is removed from the synaptic cleft into GABAergic nerve terminals by an active transport mechanism operated by GABA transporter GAT-1
localized in the membrane of the nerve terminal. Tiagabine inhibits GAT-1 leading
to the blockade of the reuptake of GABA: this leads to enhanced activation of
GABAA and GABAB receptors (Winsky-Sommerer 2009). Tiagabine has welldocumented sleep-promoting effects (Matthias et al. 2001).

3.1.4

Wake-Promoting GABAergic Inhibitors

Although inhibition of central GABAergic neurotransmission can increase the level
of alertness, inhibition of the GABAergic system leads to a number of other
changes (e.g. cognitive enhancement [“pro-cognitive effect”], anxiety, convulsions) that may mask a wake-promoting effect.
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GABAA Receptor Antagonists
The GABAA receptor antagonists bicuculline and gabazine, when administered
systemically, are potent convulsants (Johnston 2013). However the wakepromoting effect of bicuculline is revealed when it is microinjected into the
cholinergic wake-promoting nucleus PPT (Torterolo et al. 2002).

Benzodiazepine Receptor Antagonists
Flumazenil is a competitive antagonist at the benzodiazepine binding site (Hoffman
and Warren 1993). It has been shown to possess a procognitive effect in animal
models of memory (Lal et al. 1988). It has no wake-promoting effect. Intravenously
administered flumazenil is used as an antidote to benzodiazepine overdose and to
reverse sedation after midazolam-induced anaesthesia (Hoffman and Warren 1993).
Inverse agonists of the benzodiazepine binding site (e.g. beta-carbolines) have
procognitive, anxiogenic, proconvulsant (increased susceptibility to convulsions)
and convulsant effects: these effects are observed as the dosage of the betacarboline is increased from very low to high levels (Venault and Chapouthier
2007). The beta-carbolines also have wake-promoting effects, which, however,
are superseded by convulsions (Massotti et al. 1985). Recently benzodiazepine
receptor inverse agonists have been developed that are selective for the α5 subtype
of the GABAA receptor. These drugs have marked procognitive effects without
anxiogenic and (pro)convulsant propensities (Atack 2010), and thus may have a
clinical potential for the treatment of cognitive disorders (Martinez-Cué
et al. 2014).

GABAB and GABAC Receptor Antagonists
Antagonists of both GABAB and GABAC receptors have wake-promoting effects
(Gottesmann 2002). GABAB receptor antagonists also possess procognitive propensity (Stäubli et al. 1999), and some of these drugs have reached the stage of
clinical trial for the treatment of cognitive disorders (Froestl et al. 2004).

GABA Receptor Autoantibodies
In some autoimmune disorders neurotransmitter receptors can act as antigens
leading to the generation of specific autoantibodies against the receptors (Bien
et al. 2012). Autoantibodies have been identified against both GABAA (Petit-Pedrol
et al. 2014) and GABAB (Lancaster et al. 2010) receptors in cases of autoimmune
encephalitides. The autoantibodies close down the GABA receptors: this may
explain the prevalence of seizures in these disorders. However, in a rare form of
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autoimmune disorder, total insomnia (“agrypnia”) was reported in association with
GABAB receptor autoantibodies (Frisullo et al. 2007).

3.2
3.2.1

Melanin Concentrating Hormone
The MCHergic Sleep-Promoting System

MCH is a cyclic neuropeptide localized mainly in neurons of the lateral hypothalamus. MCH-containing neurons are intermingled with orexin-containing neurons.
There is a reciprocal discharge pattern of the two groups of neurons: orexinergic
neurons are active during W and quiescent during SWS and REMS, whereas MCH
neurons are quiescent during W, show some activity during SWS, and are maximally active during REMS (Hassani et al. 2009). MCH neurons, like the orexincontaining neurons, project diffusely to many structures of the brain. In particular,
there are projections to the cholinergic and monoaminergic wake-promoting nuclei
(Fig. 1) and the GABAergic REMS-inhibiting neurons of the midbrain (Fig. 2).
There are two G-protein-coupled receptors (MCHR1 and MCHR2) stimulated by
MCH; both receptors mediate neuronal inhibition. By inhibiting wake-promoting
neurons, MCH promotes SWS, and by inhibiting REMS-inhibiting neurons, MCH
promotes REMS (see Sect. 2; Monti et al. 2013; Tsunematsu et al. 2014). The main
function of the MCH sleep-promoting system is likely to be to facilitate REMS
(Jego et al. 2013). In fact, the optogenetic activation of MCH neurons can switch
SWS into REMS (Tsunematsu et al. 2014).

3.2.2

Wake-Promoting MCH Inhibitors

MCHR1 receptor antagonists have been reported to increase wakefulness and
suppress both SWS and REMS (Ahnaou et al. 2008), suggesting that these receptors
may become a target for the development of wake-promoting drugs.

3.3
3.3.1

Galanin
The Galaninergic Sleep-Promoting System

Galanin is a neuropeptide functioning both as an inhibitory neurotransmitter and a
co-transmitter/neuromodulator. Galaninergic neurons have been identified in the
VLPO where they are intermingled with GABAergic neurons (Gaus et al. 2002).
These galaninergic neurons have the same projection targets as the GABAergic
neurons. Galanin also occurs in other neurons, such as the noradrenergic neurons of
the LC and serotonergic neurons of the DR, where it functions as a co-transmitter,
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modulating (inhibiting) the release of the principal transmitter (Le Maı̂tre
et al. 2013). Via synergism of the sleep-promoting GABAergic neurons of the
VLPO and inhibition of the wake-promoting noradrenergic and serotonergic neurons, galanin exerts a sleep-promoting action.
Three galanin receptors (GalR1, GalR2, GalR3) have been identified, and
agonists and antagonists have been developed for them (Webling et al. 2012).

3.3.2

Sleep-Promoting Galanin Receptor Agonists

According to one report, galanin injected intravenously alters the sleep EEG
consistent with promotion of both SWS and REMS (Murck et al. 1999). Like the
GABA receptor agonists and positive allosteric modulators, galanin receptor agonists also possess anxiolytic (Rajarao et al. 2007) and anticonvulsant (Lerner
et al. 2008) propensities. Galanin receptors are a promising target for the development of anticonvulsant drugs (Hoyer 2010).

3.3.3

Wake-Promoting Galanin Receptor Antagonists

The development of these drugs is at an early stage. It is predicted that they would
enhance the level of alertness. Furthermore, they may have antidepressant effects
due to the disinhibition of central noradrenergic and serotonergic neurotransmission
(Ögren et al. 2006).

3.4
3.4.1

Melatonin
The Melatoninergic Sleep-Promoting System

The hormone melatonin is secreted by the pineal gland. Its synthesis is under strict
circadian control by the SCN, and is modulated by light (Sect. 2.3). Melatonin has a
large number of targets where it stimulates MT1 and MT2 receptors (Pandi-Perumal
et al. 2006). It has sleep-promoting and sleep-modulating (chronobiotic) effects by
interacting with these receptors in the SCN. The sleep-promoting effect has been
attributed to the stimulation of MT1 receptors and the chronobiotic effect to the
stimulation of MT2 receptors (Hardeland 2012).

3.4.2

Sleep-Promoting Melatoninergic Activators

Melatonin itself has sleep-promoting effect (Pandi-Perumal et al. 2006). This is
likely to be due to the stimulation of inhibitory MT1 receptors on wake-promoting
glutamatergic output neurons in the SCN. This in turn would lead to dampening of
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the activity of the wake-promoting “SCN ! DMH ! LC ! cortex” circuit (Fig. 3),
resulting in reduction in the level of arousal (Szabadi 2014).
Apart from a sustained release formulation of melatonin (Circadin®), a number
of MT1/MT2 receptor agonists have been developed for the treatment of insomnia:
ramelteon, tasimelteon and 6-chloromelatonin (LY156735) (Szabadi 2014).

3.4.3

Chronobiotic Melatoninergic Activators

MT1/MT2 receptor agonists also exert chronobiotic effects that involve resetting
the circadian clock and introducing phase shifts. These drugs are useful for the
treatment of some circadian rhythm disorders, such as the initial insomnia of
delayed sleep phase disorder and the free-running disorder of blind people (Dodson
and Zee 2010).

3.4.4

Wake-Promoting Melatoninergic Inhibitors

The synthesis of melatonin is driven by the sympathetic outflow via the
“PVN ! spinal preganglionic neurons ! postganglionic neurons in superior cervical ganglion” pathway. The postganglionic noradrenergic neurons innervate the
pineal gland cells where they stimulate β1-adrenoceptors (Fig. 3).
Inhibition of melatonin synthesis by β-adrenoceptor antagonists leads to wakepromoting and sleep-disrupting effects; this effect can be reversed by the administration of melatonin (Van den Heuvel et al. 1997). Melatonin has been
recommended to treat insomnia associated with the use of beta-blockers (Fares
2011).

3.5
3.5.1

Adenosine
The Adenosine-Mediated Sleep-Promoting System

Adenosine, a breakdown product of adenine nucleotides, accumulates in the brain
during prolonged wakefulness (Huang et al. 2011). It is an endogenous sleepinducing agent (“somnogen”): by increasing the tendency to fall asleep (“sleep
propensity” or “sleep pressure”), it acts as a homoeostatic regulator of sleep
(Porkka-Heiskanen 2013). The sleep-promoting effects of adenosine are mediated
via the inhibition of wake-promoting neurons and the stimulation of sleeppromoting neurons.
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Adenosine Receptors

Adenosine, released from metabolically active cells, interacts with specific cell
surface receptors. Of the four adenosine receptors identified, two (A1 and A2A) are
important for the promotion of sleep (Landolt 2008). The A1 receptors mediate an
inhibitory response. They are localized on wake-promoting cholinergic neurons of
the BF, noradrenergic neurons of the LC, serotonergic neurons of the DR, and
orexinergic neurons of the LH/PF. These receptors are located partly on the cell
bodies and partly on the nerve terminals of these neurons where they inhibit the
release of the neurotransmitter. The A2A receptors mediate an excitatory response,
either directly (Gallopin et al. 2005) or indirectly by inhibiting inhibitory interneurons and thus disinhibiting the target neuron (Morairty et al. 2004). A2A receptors
have been identified on or near GABAergic sleep-promoting neurons in the VLPO
(Scammell et al. 2001; Gallopin et al. 2005). Recently, A2A receptors have been
detected on putative GABAergic sleep-promoting neurons in the nucleus
accumbens (ventral striatum): these neurons may inhibit the activity of wakepromoting neurons via their widespread projections (Zhang et al. 2013).

3.5.3

Sleep-Promoting Adenosine Receptor Agonists

Agonists of both A1 (Benington et al. 1995) and A2A (Scammell et al. 2001)
receptors have sleep-inducing effects in experimental animals. However, these
drugs have not been studied in humans.

3.5.4

Wake-Promoting Adenosine Receptor Antagonists

The psychostimulant caffeine exerts its wake-promoting effect via antagonizing
adenosine receptors (Landolt 2008). Although caffeine has affinity for both A1 and
A2A receptors, recent evidence indicates that its alerting effect is mediated primarily via the A2A receptor (Huang et al. 2005). Furthermore, A2A receptors in the
nucleus accumbens have been implicated in this effect (Lazarus et al. 2011).
SYN115 is a synthetic A2A adenosine receptor antagonist developed for the
treatment of movement disorders resulting from dopaminergic deficiency
(e.g. Parkinson’s disease) (Kulisevsky and Poyurovsky 2012). The basis for this
is that A2A receptors are co-localized with D2 dopamine receptors in the basal
ganglia where they modulate (inhibit) dopamine receptor function. As expected,
SYN115 possesses marked wake-promoting effects (Lane et al. 2012).
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4 Drugs Interacting with Wake-Promoting Systems
4.1
4.1.1

Histamine
The Histaminergic Wake-Promoting System

Histaminergic neurons are localized in the TMN of the posterior hypothalamus and
send diffusely arborizing projections to most areas of the brain and spinal cord. The
histaminergic neurons, like most other wake-promoting neurons, are maximally
active during wakefulness and quiescent during sleep (Ko et al. 2003). These
neurons, via their precisely targeted connections within the W/SWS network
(Fig. 1), play an essential role in the maintenance of wakefulness (Haas and Lin
2012; Szabadi 2014). The importance of the posterior hypothalamus, including the
TMN, in the maintenance of wakefulness was first highlighted by von Economo
who correlated lesions in this area with the hypersomnia in encephalitis lethargica
(Triarhou 2006). Central histaminergic neurons are activated by an excitatory
orexinergic input from the lateral hypothalamus, and inhibited by a GABAergic
input from the VLPO. In fact, the sleep-promoting effect of the VLPO is mediated
largely by the switching off of TMN activity. VLPO activity is kept in check during
wakefulness by an inhibitory output from the LC. Histaminergic outputs from the
TMN mediate an excitatory effect via stimulation of H1 histamine receptors at their
target areas, including the cerebral cortex and a number of wake-promoting nuclei
(LC, PPT/LDT, BF and thalamus). The activation of cortically projecting cholinergic neurons in the BF may play a major role in mediating the wake-promoting
effect of histamine (Zant et al. 2012).

4.1.2

Histamine Receptors

There are four types of histamine receptor, of which three (H1, H2 and H3) occur in
the central nervous system. H1 and H2 receptors are excitatory postsynaptic
receptors, whereas H3 receptors are inhibitory autoreceptors located on the histaminergic neuron itself (Szabadi 2014). In a somatodendritic location, H3 receptors
suppress neuronal firing, whereas located on presynaptic terminals they inhibit
transmitter synthesis and release. H3 receptors also occur on the nerve terminals
of other neurons (“heteroreceptors”) where they inhibit the release of the neurotransmitter (monoamines, acetylcholine, glutamate, GABA, peptides) (Haas and
Lin 2012). Interestingly, the H3 receptor can signal on its own without an agonist
(“constitutive activity”) (Arrang et al. 2007). This may explain why inverse agonists are more effective than neutral antagonists in suppressing H3 receptor signalling (Haas and Lin 2012).
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Wake-Promoting Histaminergic Activators

H1 Receptor Agonists
Currently available agonists are of little therapeutic significance. Histamine itself
injected into the brain of experimental animals has wake-promoting effects (Lin
et al. 1988). However, systemically administered histamine cannot pass the blood–
brain barrier and can trigger allergic reactions. Betahistine, a derivative of histamine, is a partial H1 receptor agonist that has some central histaminergic effects in
humans when administered orally. However, these effects may have been, at least
partly, mediated by H3 receptor blockade (Reynolds 2012). At present there are no
selective and potent H1 receptor agonists available (Taberan 2013). Although it
may be possible to develop more effective centrally acting H1 receptor agonists,
recent effort has concentrated on the development of H3 receptor antagonists for the
stimulation of the central histaminergic system.

H3 Receptor Antagonists
H3 receptor antagonists and inverse agonists increase histaminergic activity by
disinhibiting autoreceptors, thus leading to a wake-promoting effect. This effect is
enhanced by the disinhibition of heteroreceptors modulating the release of wakepromoting transmitter substances (monoamines, acetylcholine). There is a large
body of evidence demonstrating the wake-promoting propensity of H3 receptor
antagonists and inverse agonists (Parmentier et al. 2007). Furthermore, these drugs
also have potential cognitive-enhancing effects (Brioni et al. 2011). A large number
of H3 receptor antagonists/inverse agonists have been developed over the past
25 years for the treatment of excessive daytime sleepiness (EDS), cognitive disorders and obesity (Gemkow et al. 2009; Berlin et al. 2011). Some early compounds
have been superseded by more novel molecules that are at various stages of
development. Pitolisant (formerly BF2.649, tiprolisant) has reached the stage of
clinical trial for the treatment of EDS in narcolepsy (Schwartz 2011).

4.1.4

Sleep-Promoting Histaminergic Inhibitors

H1 Receptor Antagonists
H1 receptor antagonists are referred to as antihistamines, or more precisely as
H1-antihistamines (Church and Church 2013). H1-antihistamines have been used
since the 1930s for the treatment of allergic disorders. First-generation H1-antihistamines (e.g. diphenhydramine, promethazine, chlorpheniramine, cyclizine)
readily cross the blood–brain barrier and have potent sedative/hypnotic effects.
These drugs have poor receptor selectivity and often interact with muscarinic

Neuronal Networks Regulating Sleep and Arousal: Effect of Drugs

45

cholinoceptors, α-adrenoceptors and serotonin (5HT) receptors, leading to side
effects resulting from the blockade of these various receptors. Some of the firstgeneration H1-antihistamines (e.g. diphenhydramine) are available as over-thecounter hypnotics (Proctor and Bianchi 2012). Some antipsychotic drugs
(e.g. chlorpromazine, thioridazine, levomepromazine) and antidepressants (amitriptyline, trazodone, mirtazapine, doxepin) have sedative propensities and prescribed for the treatment of insomnia. Although these drugs interact with a number
of receptors, their sleep-promoting effects are likely to be due primarily to the
blockade of H1 histamine receptors (Proctor and Bianchi 2012). Second-generation
H1-antihistamines are chemically different from the first-generation
H1-anthistamines, and are more selective for the H1 histamine receptor. These
drugs (e.g. desloratadine, levocetirizine, fexofenadine) have an important role in the
treatment of allergic disorders: as they do no penetrate into the brain, unwanted
sedation is not a problem.

H3 Receptor Agonists
A number of potent and selective H3 histamine receptor agonists (e.g. imetit, R-(α)
methylhistamine, BP294) have been developed (Leurs et al. 1998). These drugs, by
stimulating release-inhibiting presynaptic H3 histamine receptors, exert an
antihistaminergic effect. There is evidence that they promote SWS in experimental
animals (Thakkar 2011) and thus have therapeutic potential for the treatment of
insomnia. However, they have not reached the stage of clinical development.

4.2
4.2.1

Orexin
The Orexinergic Wake-Promoting System

The orexins (orexin A and orexin B, also known as hypocretin-1 and hypocretin-2)
are neuropeptides localized in distinct groups of neurons (LH/PF, DMH) in the
hypothalamus. Orexinergic neurons of the LH/PF constitute an important wakepromoting system via their projections to the cerebral cortex and other wakepromoting nuclei (TMN, LC, VTA) (Fig. 1). At their projection targets, orexinergic
neurons interact with excitatory orexin receptors (OX1 and OX2) (Ohno and
Sakurai 2008). The orexinergic neurons of the DMH are involved in circadian
regulation and in mediating the effect of light on arousal (Fig. 3).

4.2.2

Narcolepsy: An Orexin-Deficiency State

The loss of orexinergic neurons is responsible for the sleep disorder narcolepsy. The
symptoms of narcolepsy are complex and can be related to the intrusion of sleep-
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related vigilance states into wakefulness. Intrusion of SWS into W leads to EDS and
sleep attacks, whereas intrusion of REMS into W results in cataplexy (loss of
muscle tone in response to emotions), hypnagogic hallucinations (dream-like
visions before falling asleep) and sleep paralysis (inability to move before falling
asleep) (Ohno and Sakurai 2008; Sakai 2013).

4.2.3

Wake-Promoting Orexinergic Activators

It would be of great therapeutic importance to replace orexinergic function in
narcolepsy. Unfortunately, there are no non-peptide orexin receptor agonists available to date, and the orexin peptides do not readily penetrate into the brain.
Administration of orexin peptides into the lateral cerebral ventricle (Mieda
et al. 2004) or transplantation of orexin neurons into the LH (Arias-Carrion and
Murillo-Rodriguez 2014) have reversed the symptoms of narcolepsy in experimental animals. Furthermore, the administration of orexin A as a nasal spray to
narcoleptic patients has been reported to alleviate narcoleptic symptoms (Weinhold
et al. 2014).

4.2.4

Sleep-Promoting Orexinergic Inhibitors

A number of orexin receptor antagonists have been developed for the treatment of
insomnia (Hoyer and Jacobson 2013). Development has reached the stage of
clinical trial with some of these drugs (e.g. almorexant, SB-649868, suvorexant,
filorexant) that all antagonize both orexin A and orexin B receptors (“dual orexin
receptor antagonists, DORAs”). The first one of these, almorexant, has been
withdrawn following Phase III trials, while suvorexant has been submitted for
registration. The possible usefulness of selective orexin receptor antagonists is
being explored: while OX1 antagonists are probably not good candidates as insomnia drugs, OX2 antagonists have some promise (Hoyer and Jacobson 2013).
An important consideration with the clinical use of orexin receptor antagonists is
the risk of provoking the symptoms of narcolepsy, and in particular cataplexy (Tafti
2007). However, clinical trials with DORAs so far have failed to support this
possibility (Hoyer and Jacobson 2013).

4.3
4.3.1

Glutamate
The Glutamatergic Wake-Promoting System

The thalamus contains both specific (sensory relay) and non-specific glutamatergic
neurons that project diffusely to the cerebral cortex (Brown et al. 2012). The
non-specific neurons, located in the intralaminar and reticular nuclei, are wake-
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promoting and constitute an integral part of the “ascending arousal system”
(McCormick and Bal 1997). These neurons receive excitatory inputs from wakepromoting cholinergic and histaminergic neurons (Fig. 1), and their activity is
modulated by GABA. The hypnotic effect of gaboxadol has been attributed to the
stimulation of extrasynaptic inhibitory GABAA receptors on thalamocortical neurons (Belelli et al. 2005).
Recently a second glutamatergic wake-promoting system has been identified:
glutamatergic neurons in the upper brainstem (parabrachial nucleus and
precoeruleus area) evoke wakefulness via an excitatory output to the BF. In fact,
in rats, this second system appears to be more important in maintaining alertness
than the cortico-thalamic system (Fuller et al. 2011).
Glutamatergic neurons are also involved in the regulation of REMS: they exert a
REMS-promoting effect (Sect. 2.2 and Fig. 2).

4.3.2

Glutamate Receptors

There are two classes of glutamate receptor: ionotropic receptors (ligand-gated ion
channels) and metabotropic receptors. There are three inotropic receptors defined
by their selectivities to some prototype ligands: NMDA, AMPA and kainite receptors (Dingledine et al. 1999). The ionotropic receptors mediate excitatory
responses. There are eight metabotropic receptors (mGluR1-8) divided into three
groups: I (mGluR1, 5), II (mGluR2, 3), III (mGluR4, 6, 7, 8). The Group I receptors
are excitatory, whereas the Group II and Group III receptors are inhibitory. The
Group II receptors are mainly release-inhibiting presynaptic receptors (Niswender
and Conn 2010).

4.3.3

Wake-Promoting Glutamatergic Activators

An antagonist (negative allosteric modulator) of inhibitory metabotropic mGluR2
glutamate receptors has been reported to increase wakefulness in experimental rats
(Ahnaou et al. 2014).

4.3.4

Sleep-Promoting Glutamatergic Inhibitors

Some antiepileptic drugs that act by inhibiting central glutamatergic neurotransmission (Gitto et al. 2012) also possess sedative properties. Thus topiramate, an
AMPA/kainite receptor antagonist (Poulsen et al. 2004), is a highly sedative drug
(Berigan 2002), and levetiracetam, a drug that reduces glutamate release by
blocking calcium channels (Lee et al. 2009), has marked sleep-promoting effects
(Cicolin et al. 2006).
AMN082, a positive allosteric modulator of mGlu7 inhibitory metabotropic
glutamate receptors, increases SWS in experimental rats (Cavas et al. 2013b).
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REMS-Suppressing Glutamatergic Inhibitors

Stimulation of inhibitory metabotropic mGluR2 (Ahnaou et al. 2009) and mGluR7
(Cavas et al. 2013b) glutamate receptors or antagonism of excitatory mGluR5
metabotropic receptors (Cavas et al. 2013a) have been reported to suppress
REMS in experimental animals.

4.4
4.4.1

Acetylcholine
The Cholinergic Wake-Promoting System System

There are two major cholinergic arousal systems, one originating in the LD/PPT
and another one in the BF. The wake-promoting cholinergic neurons of the LD/PPT
project to the cerebral cortex both directly and indirectly via thalamic glutamatergic
neurons. The wake-promoting cholinergic neurons of the BF project to the cortex.
The wake-promoting cholinergic neurons of both the LD/PPT and the BF receive a
facilitatory noradrenergic input from the LC and a facilitatory histaminergic input
from the TMN (Sect. 2.1, Fig. 1). Cholinergic neurons are also involved in the
regulation of REMS (Sect. 2.2, Fig. 2).

4.4.2

Acetylcholine Receptors (Cholinoceptors)

At their targets, cholinergic neurons interact with two types of receptor: muscarinic
and nicotinic receptors. Muscarinic cholinoceptors are G-protein-coupled
metabotropic receptors, whereas nicotinic cholinoreceptors are ionotropic receptors
(ligand-gated ion channels). There are five types (M1–M5) of muscarinic receptor
(Brown 2010) and a large number of “subtype assemblies” of the nicotinic receptor
(Gotti et al. 2009). Both muscarinic and nicotinic cholinoceptors are present both in
the thalamus and the cerebral cortex (McCormick 1992).

4.4.3

Wake-Promoting Cholinergic Activators

Cholinesterase Inhibitors
These drugs, by inhibiting the enzyme responsible for the degradation of acetylcholine, increase cholinergic neurotransmission. Physostigmine has marked
alerting effect (Votava et al. 1968), and is able to reverse anaesthesia (Meuret
et al. 2000). Physostigmine also increases REMS and dreaming (Sitaram
et al. 1978), probably due to potentiation of cholinergic mechanisms in the
REMS network.
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Donepezil, a cholinesterase inhibitor used to improve cognitive function in
dementia, increases wakefulness in rats (Abe et al. 2003) and causes insomnia in
patients. It also increases REMS (Schredl et al. 2006).

Muscarinic Receptor Agonists
Milameline, a muscarinic receptor agonist, developed for the treatment of dementia,
has been reported to increase alertness in experimental animals (Schwarz
et al. 1999).

Nicotinic Receptor Agonists
Nicotine is widely used, in the form of inhaled tobacco smoke, for its cognitiveenhancing effect. It increases arousal (Fisher et al. 2012). The enhancement of
attention by nicotine is likely to reflect its alerting effect (Myers et al. 2013).
TC-1734, a synthetic nicotinic receptor agonist, has been shown to possess
alerting effects (Dunbar et al. 2007).

4.4.4

Sleep-Promoting Cholinergic Inhibitors

Muscarinic cholinoceptor antagonists (e.g. atropine: Santucci et al. 1981; scopolamine: Ebert and Kirch 1998) are sedative. Anticholinergic drugs used to treat
overactive bladder cause drowsiness (Scheife and Takeda 2005). The sedative
propensities of H1-antihistamines (Church and Church 2013), phenothiazine antipsychotics and tricyclic antidepressants (Proctor and Bianchi 2012) are likely to
reflect, to some extent, muscarinic cholinoceptor blockade. In extreme cases, such
as administration during anaesthesia (Moos 2007) and poisoning (Parissis
et al. 2003), anticholinergic drugs may lead to coma. Physostigmine has proved
to be an effective antidote in these cases.

4.4.5

REMS-Suppressing Cholinergic Inhibitors

Anticholinergic drugs, such as scopolamine, suppress REMS (Rao et al. 2004).
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Noradrenaline
The Noradrenergic Wake-Promoting System

Central noradrenergic neurons are clustered in seven brainstem nuclei, labelled A1–
A7, of which the locus coeruleus (A6) is the largest one (Samuels and Szabadi
2008a; Szabadi 2013). The locus coeruleus (LC) occupies a central position in the
sleep-arousal network, collating arousal-related information from all wakepromoting and sleep-promoting nuclei (Fig. 1).
The LC, apart from functioning as a major wake-promoting nucleus, has three
additional functions that are intimately linked to its arousal-enhancing effect:
autonomic regulation, motor regulation and modulation of the effect of light on
arousal (“photomodulation”).

Regulation of Arousal
The LC exerts its wake-promoting effect via excitatory projections to the cerebral
cortex and some other wake-promoting nuclei (e.g. cholinergic wake-promoting
neurons of the PPT/LDT and the BF, serotonergic neurons of the DR) and inhibitory projections to the sleep-promoting GABAergic neurons of the VLPO and
BF. The LC also suppresses REM sleep by inhibiting REMS-promoting cholinergic
neurons in the PPT/LDT (Figs. 1 and 5; Szabadi 2013). The excitatory projections
operate via stimulation of excitatory α1-adrenoceptors and the inhibitory projections via stimulation of inhibitory α2-adrenoceptors (Szabadi 2013).

Autonomic Regulation
The LC functions as a premotor autonomic nucleus, sending excitatory projections
to sympathetic preganglionic neurons and inhibitory projections to preganglionic
parasympathetic neurons (Figs. 1 and 5). LC activation leads to increased arousal,
sympathetic activation and parasympathetic deactivation, whereas the opposite
pattern occurs as LC activity diminishes. This is beautifully illustrated by the
regulation of the diameter of the pupil. It has been shown that fluctuations in
pupil diameter, that is under dual sympathetic/parasympathetic control (Szabadi
2013), are closely paralleled by fluctuations in LC activity (Aston-Jones and Cohen
2005; Murphy et al. 2014). Furthermore, both fluctuations in pupil diameter
(Wilhelm et al. 2001) and LC activity (Sterpenich et al. 2006; Minzenberg
et al. 2008) are related to the level of arousal. Recording pupillary fluctuations
forms the basis of the Pupillographic Sleepiness Test (PST) that has been widely
used for the assessment of level of arousal in humans (Wilhelm et al. 2001; Samuels
et al. 2006).
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Fig. 5 Schematic diagram of outputs from the noradrenergic locus coeruleus (LC), in relation to
the regulation of sleep and arousal. Wake-promoting nuclei (yellow): BF, basal forebrain; Th,
thalamus; TMN, tuberomamillary nucleus; PPT/LDT, pedunculopontine/laterodorsal tegmental
nuclei; R, raphe nuclei. Sleep-promoting nuclei (purple): VLPO, ventrolateral preoptic nucleus;
BF, basal forebrain. Targets outside the sleep/arousal network (white): S, sympathetic preganglionic neurons; P, parasympathetic preganglionic neurons; M, motoneurons. Connections: arrows
(red: excitatory; blue: inhibitory). Lettering next to arrow: neurotransmitter (ACh: acetylcholine;
NA: noradrenaline; H: histamine; GABA: γ-aminobutyric acid; 5HT: 5-hydroxytryptamine; Glu:
glutamate). Receptors: α1, excitatory α1-adrenoceptors; α2, inhibitory α2-adrenoceptors. See text
(Sect. 4.5.1) for details

Motor Regulation
The LC modulates motor activity via excitatory projections to motoneurons (Fig. 5)
both in the brainstem and the spinal cord (Szabadi 2013). There is a close link
between the modulation of arousal and muscle tone by the LC (McGregor and
Siegel 2010). LC activity is reduced during SWS while in REMS there is near
complete cessation of LC activity (Gottesmann 2011). The reduction in LC activity
during sleep is associated with reduced muscle tone. There is complete cessation of
LC activity during attacks of cataplexy in the sleep disorder narcolepsy
(Wu et al. 1999), leading to total atonia (Peever 2011). The reduction in the

52

E. Szabadi

facilitatory drive from the LC to brainstem motor nuclei may be responsible for the
loss of the tone of the muscles of the upper airway (pharynx, tongue, jaw muscles)
during sleep (Lo et al. 2007), that may contribute to the genesis of sleep-related
obstructive breathing disorders (Heinzer and Sériès 2011).

Photomodulation
Light has a direct acute effect on the level of arousal via the photomodulation
network (Szabadi 2013). The effect of light consists of two mutually antagonistic
components: it is both sleep-promoting and wake-promoting. The sleep-promoting
effect is mediated via a direct excitatory output from the retina to the VLPO (Fig. 3;
Lu et al. 1999): activation of the VLPO leads to dampening of the activity of major
wake-promoting nuclei (LC, TMN, LH/PF). The wake-promoting effect is
channelled via a multi-synaptic pathway in which the LC plays a key role:
retina ! SCN ! DMH ! LC ! cerebral cortex (Fig. 3; Aston-Jones 2005).
Indeed, it has been shown by fMRI that light evokes LC activation (Vandewalle
et al. 2007). The overall response to light reflects the relationship between the two
opposing effects: in nocturnal animals the prevalent effect of light is stimulation of
the VLPO, leading to sleep-promotion, whereas in diurnal animals, this effect is
likely to be superseded by the consequence of LC activation, leading to wake
promotion (Szabadi 2012, 2013).

4.5.2

Cellular Targets of Noradrenergic Drugs

There are three classes of adrenoceptor (α1, α2, β): they all have been identified on
follower cells (“postsynaptic receptors”). In general, the α1-adrenoceptors mediate
excitatory effects, the α2-adrenoceptors inhibitory effects and the β-adrenoceptors
either excitatory or inhibitory effects. Inhibitory α2-adrenoceptors have also been
identified on the noradrenergic neuron itself (“presynaptic receptors” or
“autoreceptors”): in a somato-dendritic location they inhibit the firing of the
neuron, whereas located on the nerve terminal they inhibit transmitter release.
Somatodendritic autoreceptors are stimulated by noradrenaline released either
from dendrites (“dendritic release”) or from recurrent axon collaterals, whereas
terminal autoreceptors (“release-modulating receptors”) are stimulated by noradrenaline released from the noradrenergic nerve terminals. Stimulation of inhibitory somatodendritic α2-adrenoceptors dampens the firing of the neuron as activity
increases (Huang et al. 2012), providing a mechanism for the autoregulation of
central noradrenergic neurons. This mechanism may be responsible for the
“switching off” of the central noradrenergic neuron at very high rates of firing
(Carter et al. 2010).
Somatodendritic inhibitory α2-autoreceptors on LC neurons are co-localized
with μ opioid receptors: the activation of each receptor leads to cellular inhibition
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via a shared potassium channel (Christie 1991). Morphine, like the α2-adrenoceptor
agonist clonidine, reduces LC activity (Seutin et al. 1990).
Drugs can also interfere with the release and the reuptake of the transmitter into
the nerve terminal or synaptic vesicles. The reuptake of noradrenaline into nerve
terminals (Mandela and Ordway 2006) and its accumulation in synaptic vesicles
(Zheng et al. 2006) are controlled by specific transporter proteins.

4.5.3

Wake-Promoting Noradrenergic Activators

α2-Adrenoceptor Antagonists
It is well documented that α2-adrenoceptor antagonists (yohimbine: Phillips
et al. 2000; idazoxan: Glue et al. 1991; atipamezole: Pertovaara et al. 2005) have
alerting effects. The alerting effects of these drugs are relatively mild: this is in
contrast with the powerful sedative effects of the α2-adrenoceptor agonists (see
Sect. 4.5.4.1).

Noradrenaline Reuptake Inhibitors
These drugs, by impeding the removal of noradrenaline from the synaptic cleft,
enhance the effect of noradrenaline. Selective noradrenaline reuptake inhibitors
(NARI) include the antidepressant reboxetine (Szabadi and Bradshaw 2000) and
atomoxetine, a drug indicated for the treatment of attention deficit hyperactivity
disorder (ADHD) (Kratochvil et al. 2003). These drugs have relatively mild alerting
effects, and insomnia is one of their adverse effects. The NARI have distinct
sympathomimetic and parasympatholytic effects, due to the potentiation of the
effects of noradrenaline on preganglionic sympathetic and parasympathetic neurons
(Szabadi and Bradshaw 2000). Nonselective catecholamine reuptake inhibitors
(e.g. amphetamine, modafinil), although they also block the reuptake of noradrenaline, act primarily at the dopamine uptake site (see Sect. 4.6.3).

4.5.4

Sleep-Promoting Noradrenergic Inhibitors

α2-Adrenoceptor Agonists
α2-Adrenoceptor agonists (e.g. clonidine, medetomidine and dexmedetomidine) are
potent sedatives in humans (Hossmann et al. 1980; Scheinin et al. 1987).
Dexmedetomidine is used as an anaesthetic (Nelson et al. 2003). The sedative
effect of these drugs can be attributed to the stimulation of inhibitory autoreceptors
on noradrenergic neurons in the LC leading to the “switching off” of the LC
(Abercrombie and Jacobs 1987). The sedation is accompanied by pupil constriction
(miosis): this is due to the removal of the excitatory influence of the LC on
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sympathetic preganglionic neurons and of its inhibitory influence on preganglionic
parasympathetic neurons (“disinhibition”) (Samuels and Szabadi 2008b). These
drugs also cause sedation and miosis in other diurnal species (dog, rabbit); however,
they have the opposite effects (i.e. increases in alertness and pupil diameter) in
nocturnal animals (cat, rat, mouse). This species difference is likely to reflect the
preponderance of the stimulation of α2-adrenoceptors on LC neurons
(“autoreceptors”) in diurnal animals versus the stimulation of these receptors on
follower neurons (“postsynaptic receptors”) in nocturnal animals (Samuels and
Szabadi 2008b).

μ Opioid Receptor Agonists
These drugs, including morphine (Paqueron et al. 2002), oxycodone (Verster
et al. 2006), tramadol (Lewis and Han 1997) and codeine (Max et al. 1988) are
highly sedative in man. The sedation caused by these drugs can be attributed, at
least partly, to the inhibition of LC activity via the stimulation of inhibitory μ opioid
receptors on the noradrenergic neurons (Seutin et al. 1990). As there is a close
association between α2-adrenoceptors and μ opioid receptors (Sect. 4.5.1), there is a
parallelism between the effects of clonidine and morphine on the level of arousal
and the diameter of the pupil. Morphine, like clonidine, causes sedation and pupil
constriction in diurnal animals (man, dog, rabbit) and increases in alertness and
pupil diameter in nocturnal species (cats, rats, mice) (Samuels and Szabadi 2008b).
Apart from its soporific effect, morphine also reduces REM sleep (Cronin
et al. 1995). This effect is likely to be due to a decrease in acetylcholine release
from central cholinergic neurons involved in REM sleep regulation (Lydic and
Baghdoyan 2007).

Monoamine Depletors
Noradrenaline, dopamine and serotonin are accumulated in presynaptic storage
vesicles by vesicular monoamine transporter 2, (VMAT2) (Zheng et al. 2006).
VMAT2 is inhibited by reserpine and tetrabenazine. Reserpine affects all three
monoamines, whereas tetrabenazine shows some selectivity for dopamine. The
blockade of VMAT2 leads to emptying (“depletion”) of the storage vesicles,
resulting in cessation of transmitter release (Shore 1962). The depletion of central
noradrenaline stores results in sedation and pupil constriction. Reserpine also
depletes peripheral noradrenaline stores leading to a sympatholytic effect (hypotension) (Sulser and Bass 1968). Reserpine is not used clinically any longer.
Tetrabenazine is prescribed for the treatment of hyperkinetic movement disorders
(e.g. chorea) (Kenney and Jankoovic 2006).
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Fig. 6 Schematic diagram of the connections of the midbrain dopaminergic nuclei underlying
their wake-promoting propensity. Wake-promoting nuclei (yellow): midbrain dopaminergic nuclei
(SN, substantia nigra; VTA, ventral tegmental area, VPAG: ventral periaqueductal grey matter);
TMN, tuberomamillary nucleus; LH/PF, lateral hypothalamic/perifornical area; Th, thalamus; LC,
locus coeruleus; PPT/LDT, pedunculopontine/laterodorsal tegmental nuclei; St, striatum. Sleeppromoting nucleus (purple): VLPO, ventrolateral preoptic nucleus. Connections: arrows (red:
excitatory; blue: inhibitory). Lettering next to arrow: neurotransmitter (ACh: acetylcholine; NA:
noradrenaline; H: histamine; Ox: orexin; GABA: γ-aminobutyric acid; DA: dopamine; Glu:
glutamate. See text (Sect. 4.6.1). Reproduced, with permission, from Niepel et al. (2013)

4.6
4.6.1

Dopamine
The Dopaminergic Wake-Promoting System

Dopaminergic neurons are localized in distinct nuclei in the midbrain, hypothalamus and olfactory bulb (Niewenhuys 1985). The three nuclei in the midbrain
(substantia nigra, VTA, ventral periaqueductal grey matter) are involved in the
regulation of motor activity (locomotion), motivation/reward and arousal, whereas
the hypothalamic nuclei play a role in neuroendocrine secretion. All three midbrain
nuclei make a contribution to the wake-promoting effect of the dopaminergic
system, via their direct and indirect projections to the cerebral cortex and other
wake-promoting nuclei (Fig. 6; Niepel et al. 2013).
The substantia nigra (pars compacta) regulates motor activity via its projection
to the striatum (nigrostriatal pathway). This pathway sends excitatory collaterals to
the wake-promoting neurons in the thalamus, thus contributing to the wake-
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promoting influence of the dopaminergic system (Freeman et al. 2001). The loss of
the dopaminergic input to the thalamus, resulting from the degeneration of
nigrostriatal neurons, has been implicated in the genesis of EDS in Parkinson’s
disease (Keating and Rye 2003).
The VTA is involved in the regulation of motivation/reward via the mesolimbic
pathway. It also exerts a wake-promoting influence via excitatory outputs to the LC
(Deutch et al. 1986) and LH/PF (Bubser et al. 2005) (Figs. 1 and 6).
The ventral periaqueductal grey matter (VPAG) contains dopaminergic neurons
that mediate a wake-promoting effect via projections to the cerebral cortex, LC and
LH/PF (Lu et al. 2006).
Dopaminergic neurons, unlike other wake-promoting neurons, do not vary their
firing rate across the sleep-wakefulness cycle. However, they rather display a cycledependent modulation of their firing pattern: they fire in bursts during W and REMS
(Monti and Monti 2007).

4.6.2

Dopamine Receptors

There are five G-protein-coupled metabotropic dopamine receptors (D1–D5) that
are divided into two subfamilies: D1-like (D1 and D5) and D2-like (D2, D3, D4)
receptors. The D1-like receptors mediate excitatory and the D2-like receptors
inhibitory cellular responses. The D1-like receptors are post-synaptic, whereas
the D2-like receptors are both post-synaptic and presynaptic. The presynaptic
receptors inhibit the firing of the neuron and the release of the transmitter (Beaulieu
and Gainetdinov 2011).
As D2 receptors occur both presynaptically and postsynaptically, and the presynaptic receptors are more sensitive than the postsynaptic ones, D2 receptor
agonists display a dose-dependent dual effect: lower doses decrease and higher
doses increase dopamine-mediated functions (Beaulieu and Gainetdinov 2011). It
has been proposed that the stimulant effects of D2 receptor agonists on some
functions (e.g. locomotion, arousal) may be mediated via inhibition of GABAergic
interneurons (“disinhibition”) (Monti and Monti 2007).

4.6.3

Wake-Promoting Dopaminergic Activators

Dopamine Reuptake Inhibitors
Blockade of the dopamine transporter (DAT) leads to inhibition of the reuptake of
dopamine from the extracellular space, resulting in potentiation of dopaminergic
functions. The psychostimulants amphetamine, cocaine and methylphenidate are
potent blockers of DAT (Zhu and Reith 2008), and also have marked wakepromoting effects (Nishino et al. 1998). Amphetamine is used to treat EDS/daytime
sleep attacks in narcolepsy, and methylphenidate is used for the treatment of
ADHD. These drugs also have pro-cognitive effects and a potential for addiction.

Neuronal Networks Regulating Sleep and Arousal: Effect of Drugs

57

Modafinil is a wake-promoting drug licensed for the treatment of EDS in
narcolepsy. It also has some procognitive effects (Müller et al. 2013). There is
evidence that modafinil, like the psychostimulants amphetamine and cocaine,
inhibits dopamine uptake. However, it also differs from the psychostimulants
(Wisor 2013). Whereas nonselective psychostimulants (amphetamine, cocaine)
enhance all dopaminergic function, including motor activity and motivation/
reward, modafinil seems to be relatively selective for the dopaminergic arousal
system. This may explain its relatively low addiction potential (Wisor 2013). It has
recently been suggested that modafinil may promote wakefulness by selectively
potentiating the dopaminergic inhibition of putative sleep-promoting neurons in the
nucleus accumbens (Qiu et al. 2012).

Dopamine Release Promoters
The accumulation of monoamines, including dopamine, in presynaptic vesicles is
mediated by vesicular monoamine transporter-2 (VMAT-2). Psychostimulants
(amphetamine, cocaine, methylphenidate), apart from inhibiting DAT
(Sect. 4.6.3.1), also inhibit VMAT-2, thus enhancing the release of dopamine
(Riddle et al. 2005).
Nicotine, by stimulating nicotinic receptors on dopaminergic nerve terminals,
enhances the release of dopamine (Zhu and Reith 2008). This effect contributes to
the wake-promoting propensity of nicotine (see Sect. 4.4.3.3).

Postsynaptic D1 and D2 Dopamine Receptor Agonists
D1 receptor agonists (e.g. SKF 38393) increase wakefulness in experimental
animals. D2 receptor agonists (e.g. apomorphine) have a biphasic effect: lower
doses decrease alertness, due to stimulation of presynaptic receptors, whereas
higher doses increase it, due to the stimulation of postsynaptic receptors (Monti
and Monti 2007).

Presynaptic D2 Dopamine Receptor Antagonists
Lower doses of D2 receptor antagonists (e.g. amisulpride) can increase alertness
(Patat et al. 1999).
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Sleep-Promoting Dopaminergic Inhibitors

Presynaptic D2 Receptor Agonists
D2 receptor agonists (pergolide, pramipexole, ropinirole, bromocriptine) are used
to treat Parkinson’s disease: they are believed to improve motor deficits through an
action at postsynaptic D2 receptors in the striatum. In therapeutic doses these drugs
are highly sedative consistent with the stimulation of presynaptic D2 receptors of
the wake-promoting dopaminergic neurons in the VTA and VPAG (Samuels
et al. 2006). Thus the same dosage of a D2 receptor agonist may stimulate
postsysnaptic receptors in the striatum, a structure that is partially denervated in
Parkinson’s disease, and presynaptic receptors on the anatomically intact wakepromoting neurons of the VTA and VPAG.

Postsynaptic D1 and D2 Receptor Antagonists
D1 receptor antagonists (e.g. SCH 23390) and high doses of D2 receptor antagonists (e.g. haloperidol) have sedative effects (Monti and Monti 2007). The sedation
caused by most antipsychotic drugs is only partially attributable to the blockade of
postsynaptic D2 dopamine receptors, since many antipsychotics also block other
wake-promoting neuroreceptors, such as H1-histamine receptors (Sect. 4.1.4) and
cholinoceptors (Sect. 4.4.4)

Monoamine Depletors
Long-term or irreversible blockade of VMAT-2, by reserpine or tetrabenazine,
leads to the depletion of monoamine stores, resulting in impairment of central
monoaminergic neurotransmission. One of the consequences of central monoamine
depletion is sedation (see Sect. 4.5.4).

4.7
4.7.1

Serotonin
The Serotonergic Wake-Promoting System

Serotoninergic neurons are located in nine nuclei (B1–B9) in the midline (raphe) of
the brainstem (Niewenhuys 1985). Of these B7 (dorsal raphe nucleus, DR) is
involved in the regulation of sleep and arousal (Monti 2010). Serotonergic DR
neurons project diffusely to the same areas as LC neurons, including the cerebral
cortex, BF and subcortical arousal-modulating nuclei. These neurons vary their
activity across the sleep-wakefulness cycle: they are maximally active during W,
show reduced activity during SWS and stop firing during REMS. However, mainly
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due to the distribution of a complex receptor system (Sect. 4.7.2), the serotonergic
system does not play a uniform role in the regulation of sleep and arousal: apart
from promoting W and SWS, it also initiates SWS (Datta and McLean 2007).

4.7.2

Serotonin Receptors

There are seven classes of serotonin (5-hydroxytryptamine, 5-HT) receptors:
5-HT1–7, with a number of subtypes yielding 16 receptors (Hoyer et al. 2002).
5-HT3 receptors are ligand-gated ion channels, whereas all other 5-HT receptors
signal via G-proteins. 5-HT1 receptors are negatively, and 5-HT2,4–7 receptors are
positively coupled to G-proteins. 5-HT1 receptors are inhibitory, and occur both in
presynaptic and postsynaptic locations. 5-HT2 and 5-HT3 receptors are excitatory
and located mainly postsynaptically. 5-HT2A and 5HT2C receptors are often located
on GABAergic interneurons where their activation would mediate an inhibitory
influence (“disinhibition”) (Monti 2010). In the cerebral cortex, 5-HT2A receptors
are co-localized with α1-adrenoceptors on the same neurons (Santana et al. 2013),
indicating synergism between noradrenergic and serotonergic excitatory
mechanisms.

4.7.3

Wake-Promoting Serotonergic Activators

Serotonin Receptor Agonists
Systemically administered agonists of 5-HT1A (flesinoxan, 8-OH-DPAT,
buspirone), 5-HT1B (GCS 12066B), 5-HT2A/2C (DOI), 5-HT3 (mCPG), 5-HT6
9SB-399665) and 5-HT7 (LP-44) receptors all increase wakefulness in experimental animals (Monti 2011). In humans, buspirone, used as an anxiolytic, has wakepromoting effects (Manfredi et al. 1991). The mode of action of these different
drugs is not known: they are likely to act at different sites in the sleep/arousal
network.

Serotonin Reuptake Inhibitors
Released serotonin is removed from the synaptic cleft by the serotonin transporter
(SERT): its blockade leads to the potentiation of serotonergic functions
(Ramamoorthy et al. 1993). A group of antidepressants (selective serotonin reuptake inhibitors, SSRIs), as their name indicates, act by blocking SERT. These drugs
would increase neurotransmission at every serotonergic synapse: in the cerebral
cortex increased 5-HT2A receptor stimulation would lead to a wake-promoting
effect, whereas in the brainstem 5-HT2C receptor stimulation on GABAergic
interneurons, that inhibit wake-promoting noradrenergic neurons in the LC and
dopaminergic neurons in the VTA, would lead to a sleep-promoting effect
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(Sect. 3.1.1, Figs. 1 and 5). This dual action of the SSRIS may explain their mixed
effects on the level of arousal: while they disrupt SWS and cause insomnia, they
have little effect on daytime alertness and may even cause sedation (Winokur
et al. 2001).

4.7.4

Sleep-Promoting Serotonergic Inhibitors

Serotonin Receptor Antagonists
Since antagonists of 5-HT2A receptors (e.g. ritanserin, ketanserin) increase SWS
(Monti 2011), the 5HT2A receptor has become a target for the development of antiinsomnia drugs. A number of 5-HT2A receptor antagonists (e.g. volinanserin,
eplivanserin) and inverse agonists (e.g. primavanserin) have been developed and
are undergoing clinical assessment (Vanover and Davis 2010).

Monoamine Depletors
Inhibitors of VMAT-2, the vesicular membrane pump transporter (Sects. 4.5.4
and 4.6.4), such as reserpine and tetrabenazine, also inhibit the storage of serotonin
and lead to the depletion of presynaptic serotonin stores. This leads to a serotonergic contribution to the sleep-promoting effect of these drugs.

4.7.5

REMS-Suppressing Serotonergic Activators

Central serotonergic activation by serotonin receptor agonists and uptake inhibitors
leads to the suppression of REMS (Datta and McLean 2007; Monti 2011).
Conclusions
The level of arousal at any one time reflects the intricate interplay between
distinct, anatomically and neurochemically defined, wake-promoting and
sleep-promoting neuronal systems. These neuronal systems can be grouped
into three distinct networks, the sleep/arousal network, the REMS network
and the circadian network. In each network there are pharmacologically
sensitive sites, such as neuroreceptors and the synaptic machinery: by
targeting these sites, drugs can be developed with selective and predictable
effects on sleep and arousal. There is complexity at the levels of neuronal
connections (e.g. projections to targets via interneurons), cellular localization
of neuroreceptors (presynaptic vs postsynaptic) and their signalling mechanisms (excitatory vs inhibitory), and the molecular pharmacology of the drug/
(continued)
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receptor interaction (orthosteric vs allosteric). Unravelling the networks at
anatomical, cellular and molecular levels has already provided dividends,
such as the development of orexin receptor antagonists, 5HT2A receptor
antagonists and melatonin receptor agonists to treat insomnia and histamine
H3 receptor antagonists to treat EDS. The molecular dissection of the
GABAA receptor has already provided subunit selective allosteric modulators
with clinical selectivities as hypnotics or anxiolytics. And this is only the
beginning of a new area for sleep pharmacology: drugs interacting with the
cholinergic, glutamatergic and galaninergic systems provide a hitherto
untapped resource.
There is a two-way relationship between the sleep/arousal networks and
drugs: while the networks can provide the impetus for the development of
novel drugs, drugs can be used as tools for further dissection of the networks.
An example for this is modafinil: efforts to discover its mode of action have
resulted in important insights into sleep/arousal mechanisms (Qiu
et al. 2012).
Finally, new knowledge about the operation of the networks can be
obtained from clinical neuropsychiatry and neuropathology. The discovery
of the biological bases of the sleep disorders in narcolepsy, RBD and autoimmune encephalitides (Rye 2014), and of the relationship between visual
hallucinations and REMS (Manford and Andermann 1998), have yielded
valuable insights.

Acknowledgement I am grateful to Rob Langley for drawing the figures.

References
Abe Y, Aoyagi A, Hara T et al (2003) Pharmacological characterization of RS-1259, an orally
active dual inhibitor of acetylcholinesterase and serotonin transporter, in rodents: possible
treatment of Alzheimer’s disease. J Pharmacol Sci 93:95–105
Abercrombie ED, Jacobs BL (1987) Microinjected clonidine inhibits noradrenergic neurons of the
locus coeruleus in freely moving cats. Neurosci Lett 76:203–208
Ahnaou A, Drinkenburg WHIM, Bouwknecht JA et al (2008) Blocking melanin-concentrating
hormone MCH1 receptor affects rat sleep-wake architecture. Eur J Pharmacol 579:177–188
Ahnaou A, Dautzenberg FM, Geys H et al (2009) Modulation of group II metabotropic glutamate
receptor (mGlu2) elecits common changes in rat and mice sleep-wake architecture. Eur J
Pharmacol 603:62–72
Ahnaou A, Ver Donck L, Drinkenburg WHIM (2014) Blockade of the metabotropic glutamate
(mGluR2) modulates arousal through vigilance states transitions: evidence from sleep-wake
EEG in rodents. Behav Brain Res 270:56–67
Argiolas A, Melis MR (2005) Central control of penile erection: role of the paraventricular nucleus
of the hypothalamus. Prog Neurobiol 76:1–21
Arias-Carrion O, Murillo-Rodriguez E (2014) Effects of hypocretin/orexin cell transplantation on
narcoleptic-like sleep behavior in rats. PLoS One 9:e95342

62

E. Szabadi

Arrang JM, Morisset S, Gbahou F (2007) Constitutive activity of the histamine H3 receptor.
Trends Pharmacol Sci 28:350–357
Aston-Jones G (2005) Brain structures and receptors involved in alertness. Sleep Med 6(Suppl 1):
S3–S7
Aston-Jones G, Cohen JD (2005) An integrative theory of locus coeruleus-norepinephrine function: adaptive gain and optimal performance. Annu Rev Neurosci 28:403–450
Atack JR (2010) Preclinical and clinical pharmacology of the GABAA receptor α5 subtype inverse
agonist α5IA. Pharmacol Ther 125:11–26
Bay T, Eghorn L, Klein AB et al (2014) GHB receptor targets in the CNS: focus on high-affinity
binding sites. Biochem Pharmacol 87:220–228
Beaulieu J-M, Gainetdinov RR (2011) The physiology, signaling, and pharmacology of dopamine
receptors. Pharmacol Rev 63:182–217
Belelli D, Peden DR, Rosahl TW et al (2005) Extrasynaptic GABAA receptors of thalamocortical
neurons: a molecular target for hypnotics. J Neurosci 25:11513–11520
Benington JH, Kodali SK, Heller HC et al (1995) Stimulation of A1 adenosine receptors mimics
the electroencephalographic effects of sleep deprivation. Brain Res 692:79–85
Berigan TR (2002) Modafinil treatment of excessive daytime sedation and fatigue associated with
topiramate. Prim Care Companion J Clin Psychiatry 4:249–250
Berlin M, Boyce CW, Ruiz Mde L (2011) Histamine H3 receptor as a drug discovery target. J Med
Chem 54:26–53
Bien CG, Vincent A, Barnett MH et al (2012) Immunopathology of autoantibody-associated
encephalitides: clues for pathogenesis. Brain 135:1622–1638
Boscolo-Berto R, Viel G, Montagnese S et al (2012) Narcolepsy and effectiveness of gammahydroxybutyrate (GHB): a systematic review and meta-analysis of randomized controlled
trials. Sleep Med Rev 16:431–443
Bowery NG (2006) GABAB receptor: a site of therapeutic benefit. Curr Opin Pharmacol 6:37–43
Brioni JD, Esbenshade TA, Garrison TR et al (2011) Discovery of histamine H3 antagonists for the
treatment of cognitive disorders and Alzheimer’s disease. J Pharmacol Exp Ther 336:38–46
Brown DA (2010) Muscarinic acetylcholine receptors (mAChRs) in the nervous system: some
functions and mechanisms. J Mol Neurosci 41:340–346
Brown RE, Basheer R, McKenna JT et al (2012) Control of sleep and wakefulness. Physiol Rev
92:1087–1187
Bubser M, Fadel JR, Jackson LL et al (2005) Dopaminergic regulation of orexin neurons. Eur J
Neurosci 21:2993–3001
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