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Preface

Sleep disorders are very common in the modern society. In the United States it is

calculated that between 50 and 70 million of people suffer from some kind of sleep

disorder while it is estimated that in the developing countries across the world these

conditions affect approx. 150 million people. Disorders of the sleep are on the rise

worldwide and affect people of all ages, gender, and ethnicity. An inadequate sleep

poor in quantity and quality and an excessive daytime sleepiness negatively affect

daily activities causing, for example, poor concentration, memory difficulties, and

impaired driving ability.

Given the magnitude and impact on the society, it is not surprising that there is

an increasing interest by governments, universities, and media on sleep and sleep-

related disorders. Several scientific societies such as The American Academy of

Sleep Medicine, The National Sleep Foundation, and the Sleep Research Society

have been established and disorders of sleep are now recognized as a separate

medical subspecialty with specific training courses being offered in medical schools

worldwide to prepare doctors to properly diagnose and treat these disorders.

The past decade has witnessed major advances in the understanding of sleep

physiology and pharmacology which have provided a better understanding of the

mechanisms that underlie sleep and have prompted promising research in this field

which in turn have led to the development of new and better drugs to treat these

conditions. The FDA has recently approved new drugs to treat disorders of sleep

and other molecules are in advanced phase of clinical development or have just

completed the development process. Furthermore, new regulatory and clinical

guidelines for the development of drugs and treatment of these conditions have

been issued or are in preparation.

The idea behind this book is to review some of the recent major breakthroughs in

the drug treatment of sleep disorders. The drugs reviewed in the book, whether

recently approved drugs (i.e., Doxepin), variations of previously approved mole-

cules (i.e., Zolpidem sublingual preparation), or new chemical entities in late stage

of clinical development (i.e., Lorediplon), have significantly changed or are

expected to change the drug treatment of these disorders. Each chapter of the

book was written by an expert in the field and is structured in such way that can
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be read as stand-alone chapter or as part of the whole book. The final result is a

comprehensive yet practical book that will bring all the scientists, clinicians, and

drug developers up to date in this area1.

Barcelona, Spain Antonio Guglietta

August 2014

1After this book went to press, on Aug 13th, 2014, the US Food and Drug Administration approved

Suvorexant tablets (Belsomra) to treat difficulty in falling and staying asleep (insomnia).

Suvorexant is the first approved drug of the orexin antagonists class.

vi Preface



Contents

Part I General Concepts

An Overview of Sleep Physiology and Sleep Regulation . . . . . . . . . . . . . 3

Chiara Berteotti, Matteo Cerri, Marco Luppi, Alessandro Silvani,

and Roberto Amici

Neuronal Networks Regulating Sleep and Arousal:

Effect of Drugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Elemer Szabadi

Classification of Sleep Disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Michael Thorpy

Development of New Therapeutical Agents for Treatment

of Insomnia and Other Sleeps Disorders . . . . . . . . . . . . . . . . . . . . . . . . 85

Gloria Martin and Antonio Guglietta

Part II Drugs to Treat Insomnia

Low-Dose Doxepin for Insomnia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Dimitri Markov and Karl Doghramji

Lorediplon: A New GABAA Modulator Drug for Treatment

of Insomnia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Fabiana d’ Aniello, Benjamin Santos, and Antonio Guglietta

Zolpidem Sublingual Formulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

Luc Staner

Eszopiclone: Review and Clinical Applications in Chronic and

Comorbid Insomnia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

Jadwiga S. Najib

vii



Orexin/Hypocretin Antagonists in Insomnia: From Bench

to Clinic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

Alberto K. De la Herrán-Arita, Ana C. Equihua-Benı́tez,
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General Concepts



An Overview of Sleep Physiology and Sleep
Regulation

Chiara Berteotti, Matteo Cerri, Marco Luppi, Alessandro Silvani,
and Roberto Amici

Abstract Sleep is a complex behavior that cyclically alternates with wakefulness

and is fundamental for both mental and physical wellness. During normal sleep the

body acquires a specific posture; any active behavior is absent and mental activity

typically oscillates between a state of “loss of consciousness” and the experience of

dreaming.

Sleep is, by itself, a cyclical process characterized by the alternation of two

phases, non-REM (NREM) sleep and “rapid eye movement” (REM) sleep, during

which the typical synchronized electroencephalographic (EEG) pattern of NREM

sleep is substituted by a “paradoxical” EEG desynchronization.

NREM sleep is a state of minimal energy expenditure and motor activity, during

which cardiorespiratory and thermoregulatory variables are driven by the auto-

nomic nervous system at a lower and more stable level compared to wakefulness.

During REM sleep, beyond the occurrence of REMs, posture control is lost and

dreams become more vivid. Furthermore, autonomic activity is highly unstable

leading to centrally driven surges in heart rate and blood pressure, breathing

becomes irregular, and thermoregulation is suspended or depressed, suggesting a

derangement of the integrative regulation of physiological functions.

Overall sleep quality is one of the most important parameters considered for the

subjective assessment of quality of life and general health status. However,

although sleep function(s) is intuitively associated with some kind of rest that

seems to be mostly required by the central nervous system, and many theories on

sleep function have been proposed, a full comprehension of sleep function has not

yet been achieved and is probably not imminent.

C. Berteotti • M. Cerri • M. Luppi • A. Silvani • R. Amici (*)

Department of Biomedical and Neuromotor Sciences—Physiology, Alma Mater

Studiorum-University of Bologna, Piazza P.ta S. Donato, 2, 40126 Bologna, Italy

e-mail: chiara.berteotti@unibo.it; matteo.cerri@unibo.it; marco.luppi@unibo.it;

alessandro.silvani3@unibo.it; roberto.amici@unibo.it; http://www.unibo.it/Faculty/default.

aspx?UPN¼roberto.amici%40unibo.it

© Springer International Publishing Switzerland 2015

A. Guglietta (ed.), Drug Treatment of Sleep Disorders, Milestones in Drug Therapy,

DOI 10.1007/978-3-319-11514-6_1

3

mailto:chiara.berteotti@unibo.it
mailto:matteo.cerri@unibo.it
mailto:marco.luppi@unibo.it
mailto:alessandro.�silvani3@unibo.it
mailto:roberto.amici@unibo.it
http://http://www.unibo.it/Faculty/default.aspx?UPN&equals;roberto.amici%40unibo.it
http://http://www.unibo.it/Faculty/default.aspx?UPN&equals;roberto.amici%40unibo.it
http://http://www.unibo.it/Faculty/default.aspx?UPN&equals;roberto.amici%40unibo.it


1 Neurophysiology and Neurobiology of Sleep

1.1 What Is Sleep?

Sleep is a specific behavior, common to humans and other animals, that cyclically

alternates with wakefulness and is undoubtedly fundamental for both mental and

physical wellness. Everyone is aware of the importance of having a good sleep and

a proper daily sleep time. Sleep quality is among the most important parameters

considered for the subjective assessment of quality of life and general health status.

During sleep the body needs to acquire a typical posture; any active behavior is

absent and, following a normal sleep time, there is a clear perception of bodily

restoration as well as that of the mind. In fact, the strong “pressure” to fall asleep

after either a long period of waking or a very tiring activity is a very common

subjective experience. The mental activity during sleep is also quite peculiar and

after the subjective experience of the “loss of consciousness” when falling asleep,

the experience of dreaming is characteristic: a mental phenomenon that, histori-

cally, represents one of the main topics in cultures and arts.

Falling asleep is a kind of progressive reduction of the awareness of self and

environment; hence, in the past, sleep was considered to be a mere passive process,

in which brain activity was reduced, and even absent, compared to wakefulness

(Dement 2011). Some clinical observations by the neurologist Constantin von

Economo in 1916, as well as experimental data obtained in the 1930s by Frédéric

Bremer with his milestone experimental preparations on cats named “cerveau isolé”

and “encéphale isolé”, apparently supported this view. Von Economo observed that

patients affected by “encephalitis lethargica” typically presented lesions localized

at the boundary between the mesencephalon and the diencephalon, while Bremer,

on the basis of his experimental results, postulated that sleep was the result of the

reduction of afferent sensory stimuli to the forebrain.

In 1929, Hans Berger introduced electroencephalography (EEG) as a tool to

record the cortical electrical activity from the scalp. The EEG was an amazing

technical advancement in neuroscience and soon it was considered of primary

importance for the investigation of the sleeping brain. In support of Bremer’s
theory, Giuseppe Moruzzi and Horace Magoun found, in the late 1940s, that the

stimulation of the pontine reticular formation induced a waking EEG in the

anesthetized cat. Therefore, they suggested that the “deafferentation” of the sensory

signals to the telencephalon was reasonably due to a transient change in the

functional activity of the reticular formation (Kumar 2010).

Although the “passive” theory of sleep was the most widely accepted, some

experimental results suggested that sleep was actively induced by some neural

structure. Some of the patients studied by Von Economo presented an insomnia

that was associated with a lesion of the anterior hypothalamus. Moreover, in the

1940s, Rudolph Hess showed that a low frequency stimulation of the thalamus

could induce sleep in the cat, while Walle Nauta proposed, on the basis of

4 C. Berteotti et al.



brain-lesion studies in the rat, that the rostral part of the hypothalamus was the site

for the “capacity of sleep” (Kumar 2010).

However, the definitive turning point leading to the concept that sleep is a state

that is actively promoted by the brain was the discovery of an “active” sleep phase;

it was in 1953 that Eugene Aserinsky and Nathaniel Kleitman described the

existence of a sleep phase which cyclically interrupted the typical synchronized

EEG pattern of sleep. During this phase it was possible to observe frequent eye

movements under the closed eyelids and the EEG signal was desynchronized and

very similar to that observed in wakefulness.

It took several years before this functional state was recognized as a distinct

sleep phase. It was Michel Jouvet who, in 1959, defined this particular state as

“paradoxical sleep” (Kumar 2010). Soon, sleep would be divided into two main

phases: the “rapid eye movement” (REM) phase and the nonREM (NREM) phase

(Dement 2011). Also, William Dement, while working with Kleitman, associated

REM sleep with dream occurrence (Dement 2011). REM sleep was soon consid-

ered a very peculiar sleep phase, due to the paradoxical EEG signal and the

occurrence of REMs, as well as several other physiological features, such as the

paralysis of anti-gravitational muscles, the occurrence of ponto-geniculo-occipital

(PGO) waves, and, as firstly assessed by Pier Luigi Parmeggiani, a dramatic

functional change in physiological regulation, with a large autonomic instability.

Therefore, sleep is now considered to be a complex and active behavioral state,

during which the brain works differently from normal waking. Sleep cyclically

alternates with wakefulness every single day and is, by itself, a cyclical process

characterized by the alternation of two phases, NREM sleep and REM sleep.

1.2 Sleep Architecture

In every species studied, sleep propensity is closely related to the time of day and

consequently to the circadian rest-activity cycle, and in humans, the majority of

sleep time is concomitant with the nocturnal hours (Achermann and Borbély 2011).

During NREM sleep, the EEG becomes typically synchronized, i.e., rich in

slow-frequency and high-voltage waves, in contrast to the fast-frequency and

low-voltage waves of the typical waking EEG (Brown et al. 2012). In humans the

structure of NREM sleep is further subdivided into four stages (S1–S4,

Rechtschaffen and Kales classification, R&K) or three stages (N1–N3, American

Academy of Sleep Medicine classification, AASM) (Carskadon and Dement 2011)

based on the degree (intensity) of the EEG synchronization. During sleep occur-

rence, the NREM sleep stages and REM sleep appear in a precise order:

1. NREM sleep S1 (N1) represents the transition from wakefulness to sleep and is

considered to be the first step of EEG synchronization; theta (4.0–7.0 Hz)

activity is predominant.

An Overview of Sleep Physiology and Sleep Regulation 5



2. The beginning of S2 (N2) is characterized by the appearance in the EEG of two

typical signs, the “K-complex” (a single high voltage negative wave, followed

by a single slow positive wave) and the “spindle” (a 12–14 Hz oscillation with an

increasing and then a decreasing amplitude, lasting around 1–2 s).

3. The deeper stages of NREM sleep are S3 and S4 of the R&K classification,

which essentially constitute together the N3 stage of the AASM classification. In

these stages, the EEG is rich in (S3) or fully dominated by (S4) high-amplitude

activity in the slow delta range (0.5–2.0 Hz). This slow-wave activity (SWA) is

considered to be the macroscopic result of a cellular phenomenon, called “slow-

oscillation,” during which cortical neurons oscillate between two functional

states, the hyperpolarized and silent “down-state” and the high-frequency

(around 40 Hz) discharging “up-state” (Steriade et al. 2001). Actually, the

“slow-oscillation” is a travelling wave, involving almost all the cortical areas,

apparently starting from the frontal cortex and then propagating towards the

posterior regions (Massimini et al. 2004).

4. During a normal NREM-REM sleep cycle, S4 is followed by a reverse progres-

sion, through S3, to light NREM sleep stages (S2–S1), until REM sleep occurs.

REM sleep is followed by either an awakening or by S1–S2. In the latter case,

the whole sequence to S3–S4 and back to S2–S1 and REM sleep usually starts

again.

Typically, in humans, this cyclic process lasts about 90–100 min (Carskadon

and Dement 2011) and during a standard night-time sleep period 4–5 cycles are

completed. The deepest NREM sleep stage (S4) is usually reached only during the

first part of the night. Also, late cycles are generally characterized by the occurrence

of longer REM sleep phases, lasting up to 20–25 min in the very last cycle before

waking (Carskadon and Dement 2011). Normally, morning awakening directly

follows a completed REM sleep phase.

In the young adult the overall night sleep duration is between 7 and 8 h, and

REM sleep represents 20–25 % of the total sleep amount. The daily amount of sleep

and the quantity of SWA progressively decrease from childhood to old age, while

the proportion of REM sleep, which is apparently almost double in the newborn

compared to the young child, is then maintained at a stable level throughout the

life span.

1.3 Sleep Mechanisms

In recent years, great steps forward have been made in the understanding of the

brain mechanisms underlying sleep and wakefulness control and regulation

(cf. Brown et al. 2012). Schematically, the cyclical alternation of wakefulness

and sleep is considered to be mainly due to the cyclical activation and inhibition,

respectively, of a key neural structure defined as the ascending reticular activating

system. This system consists of a network of fibers projecting from the brainstem to

6 C. Berteotti et al.



the forebrain, via two main pathways: the dorsal and the ventral pathways. The

dorsal pathway originates from the cholinergic and glutamatergic neurons within

the pontine and midbrain reticular formation and within the cholinergic laterodorsal

and pedunculopontine tegmental nuclei. This pathway projects to the intralaminar

and midline thalamic nuclei and, consequently, widely innervates the cerebral

cortex. The ventral pathway originates from the same ponto-mesencefalic struc-

tures of the dorsal pathway, but, in this case, projections are directed towards the

lateral hypothalamus and the tuberomamillary nucleus, as well as to the basal

forebrain. The basal forebrain also receives afferent projections from both the

orexinergic neurons in the lateral hypothalamus and the histaminergic neurons in

the tuberomamillary nucleus, and widely projects to the cerebral cortex. Both

pathways receive important contributions from the noradrenergic locus coeruleus

and the serotonergic dorsal raphe (Brown et al. 2012). Sleep neurochemistry will be

addressed in more detail in Chap. “Neuronal Networks Regulating Sleep and

Arousal: Effect of Drugs.”

In this conceptual framework, NREM sleep is apparently induced by the inhi-

bition of the wake-promoting neurons of the ascending reticular activating system.

The mechanism that triggers this inhibitory activity is not completely known. It is

possible that the inhibition of the ascending reticular activating system mainly

begins with the increased GABAergic activity of the median preoptic nucleus;

then, once started, sleep is maintained by the subsequently increased activity of

other GABAergic neurons, in particular those located within the ventrolateral

preoptic nucleus (Brown et al. 2012). At a cellular level, the increasing inhibitory

activity gradually leads to the hyperpolarization of the thalamic and cortical

neurons: this is the functional condition of the neural membrane that is conducive

to rhythmic bursting, as described by Mircea Steriade (Steriade et al. 2001).

As stated before, NREM sleep episodes are cyclically interrupted by REM sleep.

The neurophysiology of REM sleep is considered to be based on the reciprocal

interaction between two main systems: the “REM-on” and the “REM-off” neurons

(Saper et al. 2005). In particular, the cholinergic “REM-on” system of the

laterodorsal tegmentum and pedunculo-pontine tegmentum excites the

glutamatergic neurons in the sublaterodorsal nucleus, promoting REM sleep

onset. These glutamatergic neurons also excite GABAergic neurons of the dorsal

paragigantocellular reticular nucleus, that, in turn, inhibit adjacent REM-off neu-

rons of the locus coeruleus (noradrenergic) and the dorsal raphe (serotonergic). In

support of this mechanism is another one, based on the inhibition of the “REM-off”

GABAergic activity of the ventrolateral periaqueductal gray and of the deep

mesencephalic reticular nucleus; also in this case, the disinhibition of these struc-

tures activates other GABAergic “REM-on” neurons leading to the inhibition of the

locus coeruleus and the dorsal raphe. In these structures, REM-off (i.e., noradren-

ergic and serotonergic) neurons normally inhibit the REM-on neurons in the

laterodorsal tegmentum and the pedunculo-pontine tegmentum, and they can also

inhibit themselves in support of the activation of other afferent inhibitory pro-

jections, thus promoting REM sleep onset (Brown et al. 2012; Luppi et al. 2013).

An Overview of Sleep Physiology and Sleep Regulation 7



During REM sleep, the activation of cortical activity is mainly due to two

systems: (1) the glutamatergic projection from the sublaterodorsal nucleus to the

intralaminar thalamic nuclei and (2) the rostral cholinergic system in the basal

forebrain (Luppi et al. 2013). From the sublaterodorsal nucleus the glutamatergic

REM-on neurons also project caudally and have a key role in the activation of

GABAergic and glycinergic neurons located in the alpha and ventral

gigantocellular and in the lateral paragigantocellular reticular nuclei, as well as in

the raphe magnus, all projecting to the spinal cord; it has been proposed that these

pathways are responsible for the induction of muscle atonia during REM sleep

(Luppi et al. 2013).

Recently the lateral hypothalamus has gained major attention for its involvement

in both REM sleep induction and regulation. Orexinergic neurons are peculiar to

this area, and are functionally involved in the maintenance of the stability of

wakefulness; the lack of these neurons is associated with narcoleptic/cataleptic

symptoms. Within the lateral hypothalamus, intermingled with orexinergic neu-

rons, are also melanin concentrating hormone (MCH) REM-on neurons and

GABAergic nonorexinergic/non-MCH neurons, that seem to importantly contribute

to the inhibition of the REM-off neurons within the ventrolateral periaqueductal

gray and the histaminergic tuberomamillary nucleus (Luppi et al. 2013), promoting

REM sleep.

The lateral hypothalamus may have a pivotal role in REM sleep regulation and

the REM-on cells within this area may start to inhibit REM-off areas; subsequently,

other REM-on areas may be facilitated in their activity and a REM sleep episode

can start and be maintained. When these REM-on areas decrease their activity, the

REM-off areas may start up their activity again, allowing the reactivation of the

arousal system. In fact, REM sleep episodes are very frequently terminated by an

arousal (Luppi et al. 2013).

2 Sleep Regulation

2.1 Sleep Chronobiology

In physiological conditions and in a natural environment, the distribution of sleep

and wakefulness depends on the time of day, following a 24-h (nicthemeral)

rhythm. In the absence of external time cues such as ambient light, this rhythm

persists and becomes free running, i.e., its period deviates from its original 24 h

value by 10–20 min. Synchronization (entrainment) of a near-24 h endogenous

rhythm to environmental time cues is the hallmark of a circadian rhythm.

The circadian sleep rhythm is generated in the hypothalamic suprachiasmatic

nucleus (SCN), which projects to the adjacent subparaventricular zone (SPZ), and

thence to the dorsomedial nucleus of the hypothalamus (DMH). The DMH targets

sleep-promoting neurons in the ventrolateral preoptic nucleus of the hypothalamus

8 C. Berteotti et al.



(VLPO) and wake-promoting neurons in the lateral hypothalamus, such as

orexinergic neurons (Chou et al. 2003). The DMH also projects to the

paraventricular nucleus of the hypothalamus (PVH), which modulates the anterior

hypophysis to drive the circadian rhythm of adrenal cortisol release. On the other

hand, the circadian rhythms of melatonin and body temperature are mediated by

neural pathways that originate upstream of the DMH. The SCN directly projects to

the PVH, thereby modulating in sequence the sympathetic preganglionic neurons in

the thoracic spinal cord, the sympathetic neurons in the superior cervical ganglion,

and the pineal gland cells that release melatonin.

The body temperature rhythm is largely mediated by projections from the SPZ to

the medial preoptic area, which is part of a thermoregulatory pathway involving the

DMH and the medullary raphe pallidus. These parallel pathways, that irradiate from

the SCN, ensure phase locking between the sleep rhythm and the circadian rhythms

of disparate physiological variables such as cortisol, melatonin, and body temper-

ature. These multisynaptic pathways are also flexible, allowing for differences in

diurnal preference between species, the critical switch probably being located in the

SPZ. Accordingly, the peak in SCN neural activity and the minimum value (nadir)

of melatonin secretion invariably occur during the subjective light period, thus

being associated with reduced sleep propensity in humans and with increased sleep

propensity in nocturnal laboratory rodents. Both in diurnal humans and in nocturnal

laboratory rodents, however, the maximal sleep propensity is associated with the

nadir of body temperature, which physiologically occurs just before habitual wake

time and is followed by the peak in cortisol secretion.

The circadian SCN rhythm is shifted in phase by environmental time cues

(Zeitgeber) until its period achieves a precise 24-h value, as if the hands of the

SCN clock were manually turned until synchronization with the environmental

clock is achieved. Light is usually the most powerful Zeitgeber. The phase of the

SCN circadian rhythm is delayed or anticipated by exposure to light early or late in

the subjective night, respectively. Light increases the activity of SCN neurons by

stimulating excitatory neurotransmitter release from terminals of the retinohy-

pothalamic tract, which connects specialized retinal ganglion cells to the SCN. In

addition to receiving information from light-sensitive rods and cones, these spe-

cialized ganglion cells express the photopigment melanopsin, which makes them

intrinsically sensitive to light, particularly in the blue-green (450–500 nm) portion

of the spectrum.

2.2 Sleep Homeostasis

The term homeostasis was coined at the beginning of the last century by the

American physiologist Walter B. Cannon to name the peculiar steady states of

living organisms, characterized by slight and controlled instability rather than by

fixed and rigid constancy. Some 50 years later, the term was borrowed by the sleep

research community to describe rebounds in sleep duration and intensity after sleep

An Overview of Sleep Physiology and Sleep Regulation 9



deprivation or reductions in sleep propensity after sleep episodes (Achermann and

Borbély 2011). In this particular sense, the concept of homeostasis should be

interpreted loosely, as it is still unclear which sleep-related physiological variable,

if any, is kept at a steady state.

The amount of NREM sleep time gained during sleep rebound is usually lower

than the loss occurred during previous sleep deprivation. However, spectral power

of the EEG in the delta band also increases during rebound NREM sleep as a

function of the duration of prior wakefulness, and these changes roughly parallel

the increases in the arousal threshold. On these bases, it is thought that recovery of

NREM sleep mainly occurs by increasing NREM sleep intensity or depth, as

indexed by increased SWA. Accordingly, SWA during NREM sleep is the highest

at the beginning of each sleep cycle and progressively decreases in the course of

each NREM sleep episode and throughout the whole sleep period. Interestingly,

NREM sleep homeostasis in terms of SWA manifests at both a local and a global

brain scale. Thus, SWA during NREM sleep is higher in frontal than in posterior

EEG derivations, especially at the beginning of the sleep period or after sleep

deprivation, and brain regions experiencing increases in activity during wakeful-

ness develop increases in SWA during subsequent NREM sleep. The mechanism

underlying local and global NREM sleep homeostasis in terms of SWAmay be that

increases in cortical synaptic strength during wakefulness increase neuronal syn-

chrony during subsequent NREM sleep, leading to more frequent and ample EEG

slow waves. In turn, EEG slow waves may then contribute to downscale the

strength of cortical synapses during NREM sleep (Vyazovskiy et al. 2011).

At variance with NREM sleep homeostasis, the homeostatic response to REM

sleep loss is thought to occur mainly, if not solely, in terms of REM sleep amount.

Selective REM sleep deprivation by cold exposure in rats is followed by an

immediate and sustained rebound of REM sleep amount, which allows the animals

to fully restore the previous REM sleep loss within 3 days of recovery. In humans,

however, REM sleep rebound after total sleep deprivation typically occurs only

after the SWA rebound in NREM sleep, if it does at all. In part, this discrepancy is

because the homeostatic pressure to increase NREM sleep SWA conflicts with and

prevails on REM sleep homeostasis. Moreover, allometric scaling of REM sleep

rebound with body mass in different species suggests that small animals such as rats

have a lower tolerance to REM sleep loss than large animals such as humans (Amici

et al. 2008).

2.3 Interaction Between Circadian and Homeostatic Sleep
Control

Sleep and wakefulness may be viewed as the key intermediate mechanisms,

through which the circadian rhythm modulates physiological functions. In this

respect, an important layer of sophistication and complexity is added by the
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simultaneity of circadian and homeostatic sleep control. As a result, in humans,

sleep propensity is sustained by high homeostatic pressure because of previous

wakefulness at the beginning of the night and by high circadian pressure at the end

of the night. To some extent, circadian and homeostatic sleep control may be

disentangled experimentally with the aid of appropriate study designs. Thus,

continual sleep deprivation and constancy of posture, feeding, and environment in

constant routine protocols allow circadian control to be singled out at least partially

from the effects of sleep homeostasis. Forced desynchrony protocols force subjects

to follow wake–sleep cycles with extreme periods (typically 20 h or 28 h) that make

entrainment of the endogenous circadian rhythm impossible, causing sleep to occur

at different circadian phases over several days. These experimental efforts have

been combined with advanced mathematical modeling techniques, starting from the

seminal two-process (i.e., circadian and homeostatic) model of sleep regulation in

the 1980s (Achermann and Borbély 2011). Altogether, it has emerged that the

interaction between circadian and homeostatic sleep control is often nonadditive

and complex, and basic research has started to suggest potential mechanisms of this

complexity. A simple example is that sleep is associated with eyelid closure, which

decreases retinal light exposure, thus feeding back to the SCN via the retinohy-

pothalamic tract. Furthermore, at a cellular level, sleep decreases the activity of

SCN neurons, which in turn determine circadian sleep propensity via the

SPZ-DMH pathway. Most importantly, circadian and homeostatic sleep controls

interact at a genetic level, which will be addressed in the next section.

2.4 Genetics of Circadian and Homeostatic Sleep Control

The endogenous circadian rhythm in SCN neuron activity results from sophisti-

cated interplay between transcription, translation, and posttranslational modifica-

tions involving a relatively small set of core clock genes. At the basis of this

interplay lie two linked and delayed negative feedback loops (Feng and Lazar

2012). In the first loop, homo- and heterodimers formed by CRY proteins (coded

by two Cryptochrome genes, Cry1-2) and PER proteins (coded by three Period

genes, Per1-3) inhibit transactivation of their own genes, which is exerted by

another heterodimer between the proteins CLOCK (coded by the Clock gene,

Circadian Locomotor Output Cycle Kaput) and BMAL1 (coded by the Bmal1

gene, brain and muscle ARNT-like protein). This inhibition occurs after a delay

resulting from Per and Cry gene transcription, translation into proteins, and protein

migration to the nucleus. Continuous and regulated degradation of PER and CRY

proteins eventually disinhibits CLOCK-BMAL1 transactivation of Per and Cry

genes and starts a new cycle of the molecular clock. In the second loop, CLOCK-

BMAL1 heterodimers transactivate the orphan nuclear receptor gene Rev-erbα,
which codes for a protein that inhibits transcription of the Bmal1 and Cry genes,

thus explaining the circadian fluctuations in their mRNA. Notably, the Clock gene
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transcript is not in itself rhythmical, whereas the nuclear vs. cytoplasmic localiza-

tion of its protein product is.

These basic negative feedback loops are connected with other loops of gene

transcription and translation and expressed ubiquitously in cells, eventually driving

circadian expression of large fractions (3–20 %) of the transcriptome in different

tissues (Feng and Lazar 2012). The SCN neurons collectively constitute the master

circadian clock of the organism, which entrains the myriad molecular clocks in

peripheral cells by means of neural, hormonal, and metabolic signals.

Recent and exciting data are unraveling links between circadian rhythms, sleep,

metabolism, and the epigenome. Thus, the wake-sleep circadian rhythm causes

feeding and activity cycles, which change energy balance and redox state of

peripheral cells. This is reflected in changes in ATP/AMP and NADH/NAD+ ratios.

These ratios modulate the clock gene feedback loops either directly or indirectly

through the enzymes AMP Kinase and Sirtuin (SIRT) 1, which is a NAD+-depen-

dent histone deacetylase. The CLOCK-BMAL1 heterodimers recruit other histone

deacetylases as well as histone acyl-transferases. Histone acetylation remodels

chromatin, leading to rhythmic epigenomic programming of gene expression that

integrates information from circadian clocks, wake-sleep behavior, and energy

balance (Feng and Lazar 2012).

The tight link between sleep and circadian rhythms at the genetic level is

supported by the finding that mutations of core clock genes, such as Clock,

Bmal1, Per, and Cry, cause not only impairments in the circadian sleep rhythm

but also important alterations in sleep duration and architecture. Recent gene

expression studies suggest that the Per2 gene plays a prominent role in the cross

talk between circadian rhythms and sleep homeostasis. Sleep homeostasis itself is

under strong genetic control. In particular, data on mice point to the short splice

variant of the Homer1 gene, which codes for a protein involved in glutamatergic

signaling and synaptic plasticity, as a key regulator of the rate of accumulation of

NREM sleep SWA during extended wakefulness (Maret et al. 2007).

Studies performed on monozygotic and dizygotic human twins have revealed a

striking heritability of some sleep traits, which approaches 100 % for REM density

and EEG spectral power during NREM sleep at 8–16 Hz (De Gennaro et al. 2008).

Linkage analysis in rodents has identified key genes involved in EEG delta power

during NREM sleep (Rarb1, retinoid acid receptor beta) and EEG theta frequency

in REM sleep (Acads, short-chain acylcoenzyme A dehydrogenase). On the other

hand, genome-wide association studies (GWAS) in humans are progressively

uncovering the loci that increase susceptibility to sleep disorders, such as narco-

lepsy and restless leg syndrome (Sehgal and Mignot 2011). However, the genetic

landscape of physiological sleep traits in humans remains largely uncharted by

these studies because of issues related to replicability and statistical power. Finally,

microarray studies performed on rats have demonstrated that the link between sleep

and gene transcription is bidirectional. In the cerebral cortex, in particular, sleep

upregulates transcription of several genes coding for proteins involved in depres-

sion of synaptic plasticity, membrane trafficking, GABAergic neurotransmission,

and membrane hyperpolarization. Conversely, wakefulness upregulates gene
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transcripts related to acquisition of synaptic plasticity, energy metabolism, stress

and unfolded protein responses, and glutamatergic neurotransmission (Cirelli

et al. 2004).

3 Physiological Functions During Sleep

3.1 A Physiological View of Sleep

The three main wake-sleep states, i.e., wakefulness, NREM sleep, and REM sleep

are usually recognized on the basis of EEG rhythms and levels of muscle tone, and

the presence of eye movements associated with PGO waves. However, the physi-

ological definition and understanding of these states cannot disregard the assess-

ment of the respiratory, cardiovascular, and metabolic parameters, which are under

the integrated control of the autonomic and the endocrine system (Parmeggiani

2005). This definition surpasses the standard one, largely based on the level of brain

cortical and somatomotor activity. The hypothalamus plays a key role in this

complex integrative activity (Thompson and Swanson 2003), which is critical for

the maintenance of body homeostasis, for body survival (fight or flight response),

and for reproduction. This activity leads to the shaping of bodily functions, largely

on the basis of external and internal sensory information, in accordance with the

physiological meaning and goals of the different behavioral states.

During NREM sleep, physiological regulation clearly operates favoring the

maintenance of body homeostasis. NREM sleep is a state of minimal energy

expenditure and motor activity, during which cardiovascular, respiratory, and

thermoregulatory variables are driven by the autonomic nervous system (ANS) at

a lower level compared to wakefulness and are kept stable by the autonomic

reflexes.

On the contrary, during REM sleep posture control is lost, ANS is highly

unstable, centrally driven surges in heart rate and blood pressure occur, breathing

becomes irregular, and thermoregulation is suspended or depressed. The integrative

function of the hypothalamus becomes imbalanced and this modality of physiolog-

ical regulation has been described as “poikilostatic,” πoικιλo meaning “diverse” in

Greek, (Parmeggiani 2005), because it is not apparently aimed at the maintenance

of the broad stability (homeostasis) of the physicochemical properties of the

extracellular compartments that underlie cellular survival.

3.2 Sensory and Motor Functions

The transmission of sensory information to the central nervous system (CNS) is

attenuated during sleep. Brain processing of sensory information continues across
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the different sleep stages, but a thalamic gating system operates to modulate the

access of sensory information to central nervous areas, even if to a different extent,

during both NREM sleep and REM sleep, favoring sleep continuity (Peever and

Sessler 2011). It follows that a stimulus can interrupt sleep only if it is strong

enough, or coincident with sufficient levels of arousal to allow a full cortical

processing of the information. Somatosensory processing, including that related

to pain, is also reduced during sleep (Peever and Sessler 2011).

Somatomotor control is largely influenced by the different wake-sleep states

(Chase 2013): muscle activity is high during active wakefulness, progressively

decreases during quiet wakefulness and NREM sleep, and disappears during tonic

REM sleep, when muscle atonia occurs due to a deep inhibition of spinal and

brainstem motoneurons. During phasic REM sleep, atonia is interrupted by brief

twitches and jerks of limb and eye muscles (REMs). The REM sleep pattern of

somatomotor control affects all somatic muscles with the exception of pure respi-

ratory muscles, such as the diaphragm, which is spared by REM sleep motor

inhibition, and the middle ear musculature, which is activated in order to depress

auditory inputs. While the progressive reduction of muscle tone from wakefulness

to NREM sleep represents a continuum within a common mechanism, REM sleep

atonia depends on a change to a different central control mechanism.

The degree of muscle activity during the different wake-sleep states apparently

depends on changes in the balance between excitatory (glutamatergic/monoamin-

ergic) and inhibitory (GABAergic/glycinergic) inputs to the motoneurons. As

shown by experiments on intracellular recording at the level of trigeminal and

spinal motoneurons, REM sleep atonia is due to a very large inhibitory input to

motoneurons that overcomes any possible excitatory drive. However, during phasic

REM sleep, this inhibition, which is even larger than that occurring during tonic

REM sleep, can be overcome by intermittent excitatory inputs leading to the

generation of twitches. The inhibitory drive to motoneurons during both tonic and

phasic REM sleep seems to be glycinergic (Chase 2013).

3.3 Respiratory Functions

During sleep, the regular breathing pattern of quiet wakefulness is replaced by a

large respiratory variability. This is the result of the loss of voluntary control of

respiratory muscles and changes in both ventilatory control and resistance of the

upper airways.

At sleep onset, ventilation regularly decreases, and respiratory instability may

emerge, characterized by increases and decreases in breathing amplitude; these

changes may be either aperiodic or regular and periodic (Krieger 2005). Periodic

breathing has been described in 40–70 % of normal subjects; its frequency increases

with age and it can comprise brief apneas (central or obstructive). At sleep onset,

when sleep is not stabilized, changes in the amplitude of breathing parallel changes

in the level of vigilance, with an increase in ventilation occurring during
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spontaneous brief arousals. Periodic breathing disappears when stable deep sleep is

settled.

During stable NREM sleep, ventilation is very regular. In humans, minute

ventilation and tidal volume progressively drop from wakefulness to NREM sleep

stages S3 and S4. Data regarding changes in minute ventilation, tidal volume, and

respiratory frequency on passing from NREM sleep to REM sleep do not follow any

evident trend nor show any significant difference. During REM sleep, breathing

becomes irregular, displaying phasic changes in respiratory amplitude and fre-

quency that follow the occurrence of REMs; respiratory irregularities may comprise

central apneas (Krieger 2005). Minute ventilation decreases compared to wakeful-

ness, and it is lower in phasic REM sleep than in tonic REM sleep (Douglas 2005).

During wakefulness upper airway muscle activity is maintained by reflex-

activation of dilator muscles, but at sleep onset and, principally, during REM

sleep, this reflex activity is reduced. Thus, even in normal subjects, upper airway

resistance increases during sleep, producing an increment in inspiratory resistance.

During sleep, the cough response is suppressed, occurring only after arousal.

During REM sleep, hypotonia or atonia of the upper airway muscles are accompa-

nied by intercostal muscle atonia, greatly reducing costal breathing (Chase 2013).

3.4 Endocrine Functions

The circadian system and sleep occurrence largely influence the daily profile of the

basal secretion of the principal components of the endocrine system (Van Cauter

and Tasali 2011). However, 24-h sleep deprivation studies or experiments in which

sleep occurrence has been shifted to an unfavorable circadian phase have

highlighted that the weight of the circadian and the wake-sleep ultradian modula-

tion on hormone secretion varies for different hormones (Van Cauter and Tasali

2011).

Modulatory effects of sleep on endocrine release are not limited to the hormones

belonging to the hypothalamic-pituitary axes, but also apply to hormones control-

ling carbohydrate metabolism, appetite regulation, and body-fluid balance. The

molecules involved in energy homeostasis (glucose plasma levels) are maintained

at a constant level during the night sleep period in humans despite prolonged

fasting, thanks to the decrease in brain and body energy consumption during the

first half of the night.

The overall framework is very complex, mostly due to the differences observed,

according to gender, to age, and to the effect of lifestyle and sleep profile on basal

hormonal secretion. In addition, the slow time constant of the endocrine regulation

often masks the NREM sleep-REM sleep cycling ultradian influences on hormone

secretion, except for cases in which secretion is strongly influenced by the activity

of the ANS.

As far as the growth hormone axis is concerned, the most reproducible pulse of

growth hormone occurs shortly after sleep onset of normal nighttime sleep,
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concomitantly with the peak in SWA. A different regulatory modality has been

shown for the hypothalamo-pituitary-adrenocortical system, in which the circadian

component is largely prevalent over the sleep-related component, leading to a peak

of cortisol plasma levels during the early morning hours. Daytime levels of plasma

thyroid-stimulating hormone are low and relatively stable and are followed by a

rapid elevation starting in the early evening and culminating in a nocturnal maxi-

mum occurring around the beginning of the sleep period. Under normal conditions,

prolactin plasma levels undergo a major nocturnal elevation starting shortly after

sleep onset and culminating around mid-sleep, and are maintained at lower levels

during daytime (Van Cauter and Tasali 2011).

Finally, the study of mean daily profiles of both glucose levels and insulin-

secretion rates (ISR) in healthy subjects, in which the normal meal schedule was

replaced by intravenous glucose infusion at a constant rate, showed that sleep

influence on these parameters was stronger than that of the circadian system.

3.5 Autonomic and Cardiovascular Functions

The activity of the ANS greatly changes during the wake-sleep cycle (Khairandish

and Shapiro 2013). In quiet wakefulness, the activity of the parasympathetic and the

sympathetic branches of the ANS controls cardiovascular, respiratory, thermoreg-

ulatory, gastrointestinal, and endocrine functions, in order to maintain body homeo-

stasis. On passing from wakefulness to NREM sleep, the contribution of the

parasympathetic branch increases compared to that of the sympathetic section,

according to the reduced metabolic and somatic activity of this sleep stage. During

wakefulness and NREM sleep, ANS activity still works to preserve body homeo-

stasis. During REM sleep, sympathetic activity shows a considerable variability,

which is accompanied by phasic changes in parasympathetic discharge. In this

state, ANS apparently works according to a “poikilostatic” modality (Parmeggiani

2005).

The regulation of cardiac and circulatory functions deeply changes across the

wake-sleep cycle as a consequence of the variations in physiological regulation and

autonomic outflow (Franzini 2005). The blood supply to organs must match specific

metabolic requirements and it responds to the animal’s behavior, through changes

in blood pressure and vascular resistance. The regulation of these two variables is

critically modified on the basis of autonomic activity directed to the heart and blood

vessels. In turn, autonomic output to heart and blood vessels varies according to the

hypothalamic integrative activity, coordinating somatic, autonomic, and endocrine

functions (Silvani 2008). In NREM sleep, body temperature, metabolism, and

muscle tone decrease, and both heart rate and blood pressure decrease compared

to wakefulness (Silvani 2008).

The main autonomic features of REM sleep are phasic fluctuations in sympa-

thetic and parasympathetic activity, with instability of cardiovascular and respira-

tory variables. In particular, it is possible to notice surges in cardiac sympathetic
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and parasympathetic activity associated with bursts of phasic REMs, PGO waves,

myoclonic twitches, and breathing irregularities. Phasic surges in heart rate

(approximately a 35 % increase) are followed by bradycardia due to the barorecep-

tor response to the increase in blood pressure (Khairandish and Shapiro 2013).

In most human subjects, blood pressure shows spontaneous diurnal changes,

with a decrease to its lowest levels during nighttime sleep (“dipping”), primarily

related to sleep-dependent blood pressure changes, rather than to the endogenous

circadian rhythm. A blunted sleep-related blood pressure reduction (non-dipping

status, defined as<10 % decrease in blood pressure during sleep) is considered to

be one of the most sensitive predictors of cardiovascular mortality.

3.6 Thermoregulation and Metabolism

The wake-sleep cycle is tightly coupled to the regulation of body temperature and

metabolism (Krauchi and de Boer 2011). In fact, the most opportune moment of the

day for sleep occurrence is the rest period, when the circadian system drives a

decrease in body temperature and energy expenditure and the probability of an

active interaction with the external environment is largely reduced.

Although in the human adult the decrease in energy expenditure during sleep is

apparently moderate compared to quiet wakefulness, sleep may play a more

relevant role in energy conservation in animals with a less favorable surface-to-

volume ratio (infants or small mammals), in which energy conservation is more

pressing (Krauchi and de Boer 2011). In general, body energy expenditure

decreases during sleep.

In different species, brain energy metabolism largely decreases during NREM

sleep and increases during REM sleep to levels similar to, or even slightly larger

than, those of wakefulness. The relationship between the different wake-sleep states

and the thermoregulatory process has been widely investigated. Thermoregulatory

responses may be experimentally elicited by the delivery of either external or

internal thermal loads. Such responses are present in both quiet wakefulness and

NREM sleep, but absent (in small mammals) or depressed (in humans) in REM

sleep (Parmeggiani 2005). While the thermoregulatory differences between wake-

fulness and NREM sleep only depend on the different levels of energy metabolism

in the two states, a deep functional change occurs during REM sleep. This change

shifts the normal closed-loop homeostatic regulatory modality to an open-loop one

(Parmeggiani 2005). In particular, during REM sleep episodes occurring under a

positive (warm) thermal load, peripheral vasodilation and tachypnea are suppressed

in animals, while sweating is abolished at the beginning of the episode and

subsequently depressed in humans. Also, under a negative (cold) thermal load

shivering is suppressed, and heat exchanger vasoconstriction is reduced in animals.

The involvement of central nervous structures in these processes has been

confirmed by studies showing that the capacity of the preoptic-hypothalamic

thermosensitive neurons to respond to a direct thermal stimulation is impaired
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during REM sleep (Parmeggiani 2005). Interestingly, recent experiments in the rat

have shown that this is not the case for the hypothalamic osmosensitive neurons,

since the degree of the release of antidiuretic hormone (ADH) following the

intracerebroventricular administration of an hyperosmotic solution does not differ

across the different wake-sleep states (Amici et al. 2013).

4 Sleep Evolution and Sleep Functions

4.1 Sleep Phylogenesis

Sleep is a kind of behavior that can be considered to be universally distributed

across mammals and birds. In both classes, sleep can be unambiguously identified

through both behavioral (reduced responsiveness to stimuli, homeostatic regula-

tion) and neurophysiological (EEG activity) parameters. The commonness of sleep

among the different species of the two phylogenetically most recent classes sug-

gests that such a behavior was positively selected by natural selection and that

primordial signs of it should be found in less recent classes.

Unfortunately, few studies have satisfactorily investigated the comparative

physiology of sleep. Aside from behavioral traits, the neurophysiological signature

of sleep appears to be drastically different in classes other than mammals and birds.

In reptiles, for instance, a high-amplitude EEG is observed during periods of

activity, while a low-amplitude EEG characterizes periods of rest. Indeed, the

anatomical difference in the structure of the CNS throughout the animal kingdom

prevents the use of the commonly used mammalian-like EEG activity as an

identifier for sleep.

In general, a succession of periods of activity and rest has been described in

almost every species, from insects to mammals, but whether the period of rest may

be labeled as sleep is still controversial. To compensate for the unavailability of

mammalian-like EEG in other species (like the Drosophila Melanogaster), the

search for molecular markers of sleep have been used as a possible alternative

(Zimmerman et al. 2008). This kind of approach is based on the underlying idea that

sleep serves a very basic cellular function common to most of the species. While

this may be true, it is worth considering that evolution may hijack older regulations

to fulfill new objectives, and that, therefore, the function of sleep may differ from

class to class. For instance, speculatively speaking, homeothermy made its appear-

ance on the evolutionary scene with mammals and birds (the only two classes to

present both NREM and REM sleep) and the brain of these two classes had to spend

its resting period at quite a high temperature, possibly forcing a drastic change in

the function and regulation of sleep. In conclusion, comparative physiology could

be used as a powerful tool to investigate a possible ancestral function of sleep, while

not forgetting that evolution may have redirected it towards newer needs.
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4.2 Effects of Sleep Deprivation

The logic that stands behind the use of sleep deprivation in sleep research is very

intuitive: in order to understand what a body function is for, such a function must be

impeded. The consequences of deprivation speak about the physiological role of the

function itself in two ways: (1) if a rebound in the time/intensity of the deprived

function is observed during the recovery following deprivation, the conclusion is

that such a function plays a critical/vital role for the organism, and (2) the adverse

consequences of the deprivation on the systems physiology of the organism may

suggest what that function is vital for. Sleep deprivation is therefore used as a

means to try to understand the yet-to-be-understood functions of sleep.

When compared to other forms of function deprivation, like, for instance, food

or water deprivation, sleep deprivation presents some peculiarities. In particular,

while food and water deprivation may occur in the natural world, sleep deprivation

is quite uncommon, although it has been hypothesized that migrating birds do not

sleep during long flights, and also the torpor bouts in hibernators have been

considered to count as a very peculiar kind of sleep deprivation. This implies that

animals in a laboratory setup have to be sleep deprived by some kind of environ-

mental interference that removes the possibility to fall asleep for the animal.

Several methods of sleep deprivation have been developed in past years, among

which the most relevant are: (1) forced locomotion; (2) disk over water; (3) gentle

handling, while more specific for REM sleep deprivation are (4) flower pot; (5) cold

exposure (see Revel et al. 2009 for review).

Independently from the methods used, a very consistent observation following

sleep deprivation experiments has been that sleep loss generates a drive for a sleep

rebound during the following recovery period. In other words, sleep presents the

typical homeostatic kind of regulation that has been described for other behaviors

such as feeding or drinking (Amici et al. 2008). As previously discussed in

Sect. 2.2, the rebound response for NREM sleep occurs mostly in terms of its

“intensity” (increase in SWA, Achermann and Borbély 2011), while that for REM

sleep occurs mostly in terms of its “duration” (Amici et al. 2008).

The functionality of the cerebral cortex seems to be very sensitive to sleep

deprivation, and such sensibility may account for the degradation of cognitive

performance induced by sleep deprivation. The general excitability of cortical

neurons is increased during sleep deprivation, while neighborhood neurons tend

to fire synchronously, impairing the computational ability of the cortex and,

therefore, the quality of tasks depending on such functionality (Vyazovskiy

et al. 2013).

However, following prolonged sleep deprivation, more severe general conse-

quences arise. In rodents, 4 weeks of sleep deprivation lead to death by a unique

syndrome characterized by a set of incoherent symptoms, such as weight loss, a

massive increase in food intake, and hypothermia (Rechtschaffen and Bergmann

2002). These symptoms seem to suggest that prolonged sleep deprivation causes a

lethal disruption to the central control of metabolism. A disruption in metabolic
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regulation was also shown to be evoked in humans by 48 h of sleep deprivation

(Van Cauter et al. 2008). Such metabolic dysregulation may very well be the result

of the effects of sleep deprivation on the central nervous areas controlling metab-

olism. It is worth noting that some neuronal populations placed within these areas

(for instance, the orexinergic neurons of the lateral hypothalamus) can also mod-

ulate the activity of the cerebral cortex, therefore, possibly accounting for the

effects of sleep deprivation on the cortex itself. In conclusion, the sleep rebound

induced by sleep deprivation suggests that the function of sleep is very relevant;

moreover, while the most visible consequences of sleep deprivation are related to

an impairment in cortical functions, the central network controlling body metabo-

lism may be a biological target of sleep deprivation.

4.3 Sleep and Memory

A growing corpus of evidence has investigated the effects that sleep has over

memory traces, following the hypothesis that memory traces can be strengthened

or weakened by the neurophysiological events taking place in the brain during

sleep. While the process of memory consolidation is not completely known in

detail, it is intuitive that it requires changes in neuronal connection and metabolism,

processes that, ultimately, can be identified with the expression “neuronal

plasticity.”

In general, the three main hypotheses on how memory may be modulated by

sleep have been proposed (Peigneux and Smith 2011): (1) the first hypothesis

suggests that a continuous replay of recently created engrams during sleep (both

REM and NREM) promotes their consolidation; (2) an alternative proposal sug-

gests that during NREM sleep recently acquired memories are transferred from the

hippocampus to the cerebral cortex, where new engrams are stored as consolidated

memories; and (3) finally, the synaptic homeostasis theory (Tononi and Cirelli

2003) suggests that synapses on local cortical circuits are downscaled in a

use-dependent mode during NREM sleep, enhancing the signal-to-noise ratio of

relevant memory traces compared to nonrelevant ones. Interestingly, with memory

consolidation as a goal, NREM sleep seems to be more critical than REM sleep. In

particular, at least according to the synaptic homeostasis theory, the electrophysi-

ological event that signals the cortical neurons to initiate the synaptic downscaling

is the slow wave. Of course, the view that NREM sleep is the only determinant of

memory consolidation is an oversimplification, since several data show an effective

role in memory consolidation for REM sleep as well, suggesting that the clear-cut

association of memory reconsolidation processes with precise sleep states may not

be so strict.
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4.4 Theories of Sleep Functions

Sleep function is intuitively associated with some kind of rest that seems to be

mostly required by the CNS. Many theories on the function of sleep have been

proposed, but a theory of sleep would not just have to interpret the existing evidence

but also to provide testable predictions.

One legitimate hypothesis on the function of sleep is that during sleep some sort

of toxic, wake-related substance is mobilized or metabolized, especially in the

brain. Such a long-existing theory was recently revived by the finding that during

NREM sleep, a drastic change in the clearance of the cerebrospinal fluid takes place

(Xie et al. 2013). This finding was paralleled by the observation that sleep depri-

vation favors the accumulation of β-amyloid. This theory provides a theoretical

frame for the consideration of sleep as a general functional process, but still leaves

major questions open. For instance, no hypothesis on the function of REM sleep is

provided and it is unclear why a change in brain fluid clearance should require

cortical synchronization and loss of consciousness.

Another claim on the function of sleep was recently suggested within the

synaptic homeostasis theory frame. The synaptic homeostasis theory correlates

the synaptic plasticity of the cerebral cortex with the high degree of synchronized

neuronal activity that occurs during NREM sleep (Tononi and Cirelli 2003). The

theory is supported by experimental data, even if alternative explanations of these

findings have recently been proposed (Frank 2012). The link between SWA in the

cortex and neuronal plasticity was experimentally confirmed and used as a measure

of the importance of sleep for all cognitive functions that depend on a well-

functioning cortex, such as memory consolidation. But, slowly, the maintenance

of cerebral cortex plasticity, from being the target of the positive effects of sleep,

became the main determinant of sleep (Tononi and Cirelli 2014). This subtly

modified interpretation of the theory overlooks the relevance of underlying auto-

nomic effects as the basis of sleep generation and regulation. It is hard to

interpret all the autonomic changes required for sleep to occur merely as the result

of a feedback signal coming from the cortex and directed to the sleep central

network, which carries information regarding the state of synaptic plasticity in

the cortex. In other words, if the only determinant of sleep was the state of neuronal

plasticity in the cortex, sleep-related autonomic changes would appear to be

meaningless. They would be an evolutionary accident conserved for no apparent

reason, and cortical synchronization could occur without autonomic changes.

Moreover, the synaptic homeostasis theory does not provide a clear explanation

of the REM sleep function. Finally, it is interesting to underline that the synaptic

homeostasis theory, as well as the “brain clearance” one, are apparently unable to

predict the effects of prolonged sleep deprivation or to provide an explanation on

why such a procedure is lethal.

A full comprehension of sleep functions is probably not imminent.
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Neuronal Networks Regulating Sleep

and Arousal: Effect of Drugs

Elemer Szabadi

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 neuro-

transmitter, 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 neu-

rons 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 neu-

ronal 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 Dorsal raphe nucleus

LC Locus coeruleus

LDT Laterodorsal tegmental nucleus

LGN Lateral geniculate nucleus

LH Lateral hypothalamic area

MCH Melanin concentrating hormone

PBN Parabrachial nucleus

PC Precoeruleus nucleus

PF Perifornical area

PPT Pedunculopontine tegmental nucleus

PVN Paraventricular nucleus

SCN Suprachiasmatic nucleus

SLD Sublaterodorsal nucleus

SPZ Subparaventricular zone

Th Thalamus

TMN Tuberomamillary nucleus

TPR Tegmentopontine reticular nucleus

vGC Ventral gigantocellular nucleus

vlPAG Ventrolateral periaquductal grey (matter)

VLPO Ventrolateral preopic nucleus

VPAG Ventral periaquductal grey (matter)

VTA 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 depres-

sants 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). Fur-

thermore, 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 classifica-

tion 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 neuro-

nal 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 wake-

promoting 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 wake-

promoting 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 thala-

mus. Hypothalamic W-promoting nuclei include the histaminergic

tuberomamillary nucleus (TMN) and the orexinergic neurons of the lateral hypo-

thalamic/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 neu-

rons projecting to the cerebral cortex: these neurons are inhibited by a noradrener-

gic 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 noradren-

ergic and dopaminergic neurons (Szabadi 2014).
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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 associ-

ated 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 experi-

mental 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).

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 sleep-
promoting 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 recep-

tors; 5HT2A and 5HT2C, excitatory 5HT receptors. See text (Sect. 2.1) for details. Reproduced,

with permission, from Szabadi (2014)
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The network regulating REMS consists of REMS-promoting and REMS-

inhibiting nuclei, their interconnections and outputs to structures responsible for

the somatic/behavioural changes characterizing REMS (Fig. 2). The neurotrans-

mitters 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 REMS-

inhibiting 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 cholin-

ergic 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 SLDmay be responsible for

the rapid eye movements in REMS (Sánchez-L�opez 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/mono-

aminergic 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) fluctu-

ations. 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 neuropep-

tides 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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There is a GABAergic inhibitory output from the SCN to the premotor sympa-

thetic 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 stimu-

lation 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 quies-

cent, melatonin is synthesized and secreted. Light can switch off melatonin

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 hypothala-

mus; 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
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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 GABA

3.1.1 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 catecholamin-

ergic W-promoting nuclei. The activity of the GABAergic interneurons is facili-

tated 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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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 neu-

rons 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).

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)
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3.1.3 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 day-

time 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 barbitu-

rates (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 with-

drawal 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 benzo-

diazepine 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 termi-

nals 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 well-

documented 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, convul-

sions) 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 wake-

promoting 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 andWarren 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 beta-

carboline 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 pro-

pensity (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 Melanin Concentrating Hormone

3.2.1 The MCHergic Sleep-Promoting System

MCH is a cyclic neuropeptide localized mainly in neurons of the lateral hypothal-

amus. 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 maxi-

mally active during REMS (Hassani et al. 2009). MCH neurons, like the orexin-

containing 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 Galanin

3.3.1 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 neu-

rons, 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 ago-

nists also possess anxiolytic (Rajarao et al. 2007) and anticonvulsant (Lerner

et al. 2008) propensities. Galanin receptors are a promising target for the develop-

ment 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 Melatonin

3.4.1 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 cervi-

cal 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 wake-

promoting and sleep-disrupting effects; this effect can be reversed by the adminis-

tration 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 Adenosine

3.5.1 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 sleep-

inducing 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 sleep-

promoting neurons.
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3.5.2 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 interneu-

rons 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 wake-

promoting 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 primar-

ily 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 Histamine

4.1.1 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

TMNmediate 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 cholin-

ergic 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 hista-

minergic 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 neuro-

transmitter (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 ago-

nists are more effective than neutral antagonists in suppressing H3 receptor signal-

ling (Haas and Lin 2012).
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4.1.3 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 hista-

mine, 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 wake-

promoting 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 disor-

ders 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-anti-
histamines (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
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cholinoceptors, α-adrenoceptors and serotonin (5HT) receptors, leading to side

effects resulting from the blockade of these various receptors. Some of the first-

generation H1-antihistamines (e.g. diphenhydramine) are available as over-the-

counter hypnotics (Proctor and Bianchi 2012). Some antipsychotic drugs

(e.g. chlorpromazine, thioridazine, levomepromazine) and antidepressants (ami-

triptyline, trazodone, mirtazapine, doxepin) have sedative propensities and pre-

scribed 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 Orexin

4.2.1 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 wake-

promoting system via their projections to the cerebral cortex and other wake-

promoting 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 intoW 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 avail-

able 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-Carri�on and

Murillo-Rodriguez 2014) have reversed the symptoms of narcolepsy in experimen-

tal 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 insom-

nia 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 Glutamate

4.3.1 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 wake-

promoting 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 neu-

rons (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 recep-

tors (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 neurotrans-

mission (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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4.3.5 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 Acetylcholine

4.4.1 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 acetyl-

choline, 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 cognitive-

enhancing 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; scopol-

amine: 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 anti-

psychotics 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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4.5 Noradrenaline

4.5.1 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 wake-

promoting 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 inhib-

itory 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 projec-

tions 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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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

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 pregangli-

onic 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
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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 nor-

adrenaline released from the noradrenergic nerve terminals. Stimulation of inhib-

itory 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 noradren-

aline, 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 (hypo-

tension) (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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4.6 Dopamine

4.6.1 The Dopaminergic Wake-Promoting System

Dopaminergic neurons are localized in distinct nuclei in the midbrain, hypothala-

mus 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-

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. Sleep-
promoting 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)
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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 cycle-

dependent modulation of their firing pattern: they fire in bursts duringW 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 pre-

synaptic 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 wake-

promoting 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.
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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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4.6.4 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 wake-

promoting 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 antago-

nists (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 Serotonin

4.7.1 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

58 E. Szabadi



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 experimen-

tal animals (Monti 2011). In humans, buspirone, used as an anxiolytic, has wake-

promoting 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 reup-

take 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 anti-

insomnia 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 serotoner-

gic 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 mecha-

nisms (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 auto-

immune 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.
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Classification of Sleep Disorders

Michael Thorpy

Abstract The International Classification of Sleep Disorders (ICSD-3) produced
by the American Academy of Sleep Medicine is a major revision of the prior

classification and was published in 2014. It is a major advance over previous

versions but it is unfortunate that some of the diagnostic criteria differ from that

of the American Psychiatric Association’s revised version of the Diagnostic and
Statistical Manual of Mental Disorders fifth edition (DSM-V) published in 2013

which includes a smaller section entitled “Sleep Wake Disorders.” The DSM-V

serves as an entry level classification, mainly for psychiatrists, and it is to be hoped

that in the future the two classifications will be merged into one that will cause less

confusion not only for clinicians but also for agencies that reimburse for health care

and provide for treatment options. This review discusses the main features of the

diagnostic entries in the ICSD-3 and presents the pharmacological treatment focus

for the disorders.

The International Classification of Sleep Disorders (ICSD-3) produced by the

American Academy of Sleep Medicine was a major revision of the prior classifi-

cation and was published in 2014 [1 ICSD3]. In 2013 the American Psychiatric

Association published the revised version of the Diagnostic and Statistical manual
of mental Disorders fifth edition (DSM-V) which includes a section entitled “Sleep

Wake Disorders,” an update of the DSM-IV section [2 DSMV]. This more simpli-

fied classification system results in a classification for mental health and general

medical clinicians who are not experts in sleep medicine. The International Clas-
sification of Diseases modified version, the ICD-10-CM, that will be adopted in the

USA in 2014 contains a classification that more closely conforms to the ICSD-3

[3 ICD10]. The ICSD3 will be used for this review.

The International Classification of Sleep Disorders (ICSD-3) is a major revision

of the ICSD-2 and was published in March of 2014 (Table 1). The main change was
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Table 1 ICSD-3 (Adapted from the International Classification of Sleep Disorders, Third

Revision 2014)

ICD-9-CM code:

ICD-10-CM

code:

Insomnia disorders:

Chronic insomnia disorder 342 F51.01

Short-term insomnia disorder 307.41 F51.02

Other insomnia disorder 307.49 F51.09

Isolated symptoms and normal variants:

Excessive time in bed

Short sleeper

Sleep-related breathing disorders:

Obstructive sleep apnea disorders:

Obstructive sleep apnea, adult 327.23 G47.33

Obstructive sleep apnea, pediatric 327.23 G47.33

Central sleep apnea syndromes:

Central sleep apnea with Cheyne–Stokes

breathing

786.04 R06.3

Central apnea due to a medical disorder without

Cheyne-Stokes breathing

327.27 G47.37

Central sleep apnea due to high altitude periodic

breathing

327.22 G47.32

Central sleep apnea due to a medication or

substance

327.29 G47.39

Primary central sleep apnea 327.21 G47.31

Primary central sleep apnea of infancy 770.81 P28.3

Primary central sleep apnea of prematurity 770.82 P28.4

Treatment-emergent central sleep apnea 327.29 G47.39

Sleep-related hypoventilation disorders:

Obesity hypoventilation syndrome 278.03 E66.2

Congenital central alveolar hypoventilation

syndrome

327.25 G47.35

Late-onset central hypoventilation with hypotha-

lamic dysfunction

327.26 G47.36

Idiopathic central alveolar hypoventilation 327.24 G47.34

Sleep-related hypoventilation due to a medication

or substance

327.26 G47.36

Sleep-related hypoventilation due to a medical

disorder

327.26 G47.36

Sleep-related hypoxemia disorder:

Sleep-related hypoxemia 327.26 G47.36

Isolated symptoms and normal variants:

Snoring

Catathrenia

Central disorders of hypersomnolence:

Narcolepsy Type 1 347.01 G47.411

(continued)
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Table 1 (continued)

ICD-9-CM code:

ICD-10-CM

code:

Narcolepsy Type 2 347.00 G47.419

Idiopathic hypersomnia 327.11 G47.11

Kleine–Levin syndrome 327.13 G47.13

Hypersomnia due to a medical disorder 327.14 G47.14

Hypersomnia due to a medication or substance 292.85 (drug-

induced);

F11-F19

291.82 (alcohol-

induced)

Hypersomnia associated with a psychiatric disorder 327.15 F51.13

Insufficient sleep syndrome 307.44 F51.12

Isolated symptoms and normal variants:

Long sleeper

Circadian rhythm sleep–wake disorders:

Delayed sleep–wake phase disorder 327.31 G47.21

Advanced sleep–wake phase disorder 327.32 G47.22

Irregular sleep–wake rhythm disorder 327.33 G47.23

Non-24-h sleep–wake rhythm disorder 327.34 G47.24

Shift work disorder 327.36 G47.26

Jet lag disorder 327.35 G47.25

Circadian sleep–wake disorder not otherwise specified

(NOS)

327.30 G47.20

Parasomnias:

NREM-related parasomnias:

Disorders of arousal (From NREM sleep)

Confusional arousals 327.41 G47.51

Sleepwalking 307.46 F51.3

Sleep terrors 307.46 F51.4

Sleep-related eating disorder 327.40 G47.59

REM-related parasomnias

REM sleep behavior disorder: 327.42 G47.52

Recurrent isolated sleep paralysis 327.43 G47.51

Nightmare disorder 307.47 F51.5

Other parasomnias:

Exploding head syndrome 327.49 G47.59

Sleep-related hallucinations 368.16 H53.16

Sleep enuresis 788.36 N39.44

Parasomnia due to a medical disorder 327.44 G47.54

Parasomnia due to a medication or substance 292.85 (drug-

induced)

F11-F19

291.82 (alcohol-

induced)

Parasomnia, unspecified 327.40 G47.50

(continued)
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the simplification of the Insomnia disorders and an expansion of the sleep-related

breathing disorders.

The organization of the ICSD-3 produced a greater degree of standardization

between disorder texts. It includes information in all the following categories where

available: Alternate Names, Diagnostic Criteria, Essential Features, Associated

Features, Clinical and Pathophysiological Subtypes, Demographics: Prevalence,

Gender Bias, Racial/Ethnic Bias, Cultural Issues, Predisposing and Precipitating

Factors: Risk factors, Familial Pattern (Genetics, Familial clusters), Onset, Course,

and Complications: Medical, Neurological, Psychiatric/social, Developmental

Table 1 (continued)

ICD-9-CM code:

ICD-10-CM

code:

Isolated symptoms and normal:

Sleep talking

Sleep-related movement disorders:

Restless legs syndrome 333.94 G25.81

Periodic limb movement disorder 327.51 G47.61

Sleep-related leg cramps 327.52 G47.62

Sleep-related bruxism 327.53 G47.63

Sleep-related rhythmic movement disorder 327.59 G47.69

Benign sleep myoclonus of infancy 327.59 G47.69

Propriospinal myoclonus at sleep onset 327.59 G47.69

Sleep-related movement disorder due to a medical

disorder

327.59 G47.69

Sleep-related movement disorder due to a medication

or substance

292.85 (drug-

induced)

F11-F19

291.82 (alcohol-

induced)

Sleep-related movement disorder, unspecified 327.59 G47.69

Isolated symptoms and normal variants:

Excessive fragmentary myoclonus

Hypnagogic foot tremor and alternating leg muscle activation

Sleep starts (Hypnic Jerks)

Other sleep disorder 327.8 G47.8

Appendix A:

Fatal familial insomnia 046.8 A81.83

Sleep-related epilepsy 345 G40.5

Sleep-related headaches 784.0 R51

Sleep-related laryngospasm 787.2 J38.5

Sleep-related gastroesophageal reflux 530.1 K21.9

Sleep-related myocardial ischemia 411.8 I25.6

Appendix B:

ICD-10-CM coding for substance-induced sleep

disorders

F10-F19
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Issues (Pediatric, Geriatric), Pathology and Pathophysiology, Objective Findings;

Sleep logs, Actigraphy, Questionnaires, Polysomnography, Multiple sleep latency

test, Neurological (Electroencephalogram, Cerebrospinal Fluid, Neuroimaging,

Electromyogram, Autonomic), Endocrine, Genetic Testing, Physical Findings

(Respiratory, Arterial Blood Gas, Pulmonary Function, Ventilatory Response),

Cardiac (Electrocardiogram, Echocardiogram, Cardiac Catheterization), and

Serum Chemistry. Several disorders are now classified as Isolated Symptoms and

Normal Variants, which includes: Excessive Time in Bed, Short Sleeper, Snoring,

Catathrenia, Long Sleeper, Sleep Talking, Excessive Fragmentary Myoclonus,

Hypnagogic Foot Tremor and Alternating Leg Muscle Activation, and Sleep Starts

(Hypnic Jerks).

1 Insomnia Disorders

The Insomnia disorders are characterized by one major disorder termed Chronic

Insomnia Disorder. This recognizes the fact that the clinical features of insomnia

can be the result of a primary or secondary process but the consequences are similar

no matter what the etiology (Edinger et al. 2011). The diagnosis rests upon a sleep

symptom such as difficulty initiating sleep that occurs three times per week for at

least 3 months and has daytime consequences. Psychophysiological insomnia and

insomnia disorders of the ICSD-2 are mentioned as subtypes of chronic insomnia

disorder. The inclusion of Short-Term Insomnia Disorder with similar diagnostic

criteria applies to insomnia that is less than 3 months in duration. Excessive time in

bed and short sleeper are included as isolated symptoms and normal variants, not as

specific disorders.

Treatment of the insomnia disorders is by both behavioral as well as pharmaco-

logical means. Cognitive behavior therapy for insomnia (CBT-I) is a well recog-

nized effective means of treating insomnia that is often combined with

pharmacological therapy. Most often the hypnotics are used in conjunction with

CBT-I. Those FDA approved include the benzodiazepines such as triazolam,

flurazepam, and temazepam which have largely been replaced with the newer

benzodiazepine receptor agonists (BZRAs) such as zolpidem, eszopiclone, and

zaleplon (Schwartz and Goradia 2013). The choice of agent depends upon the

half-life of the medication, side effect profile, and reimbursement issues. Alterna-

tive approved hypnotics include a melatonin agonist, ramelteon, and a sedating

antidepressant medication doxepin. Sedating antidepressants are not FDA approved

for insomnia but are often used due to their lack of drug scheduling and potential for

habituation, such as trazodone or amitriptyline (Bertisch et al. 2014). New hypnotic

agents based upon hypocretin receptor antagonism are likely to be available in 2015

(Zisapel 2012).
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2 Sleep-Related Breathing Disorders

The Sleep-Related Breathing Disorders are organized into four main categories:

obstructive sleep apnea (OSA) disorders, central sleep apnea (CSA) syndromes,

sleep-related hypoventilation disorders, and sleep-related hypoxemia disorder. The

central sleep apnea syndromes are divided into eight types: two related to Cheyne–

Stokes breathing (CSB), high altitude, substance, three primary CSA disorders of

which one is infancy and the other prematurity, and a new entity entitled treatment-

emergent central sleep apnea. The latter category applies to central apnea that

follows CPAP administration.

Obstructive sleep apnea syndrome maintains the criterion of five or more

respiratory events per hour of sleep when studied in a sleep center or by out of

center sleep studies (OCST), so long as typical symptoms are present, otherwise

15 or more predominantly obstructive respiratory events are sufficient to make the

diagnosis. The OSA disorders are divided into adult and pediatric types. In the

pediatric criteria, for those less than 18 years of age, only one obstructive event is

required per hour of sleep so long as respiratory symptoms or sleepiness are present;

alternatively, obstructive hypoventilation along with symptoms is required.

Central sleep apnea with Cheyne–Stokes breathing (CSA-CSB) is five or more

central apneas or hypopneas per hour of sleep with a pattern that meets criteria for

CSB. Central sleep apnea without CSB is diagnosed as central sleep apnea due to a

medical disorder without Cheyne–Stokes breathing that occurs as a consequence of

a medical or neurological disorder. Central sleep apnea due to high altitude periodic

breathing is central apnea attributable to high altitude of at least 1,500 m but usually

above 2,500 m. Central sleep apnea due to a medicine or substance most typically

due to an opioid or respiratory depressant is not associated with CSB. Primary

central sleep apnea (CSA) is five or more central apneas or central hypopneas per

hour of sleep in the absence of CSB and of unknown etiology. Primary central sleep

apnea of infancy occurs in an infant with greater than 37 weeks conceptional age

with recurrent, prolonged (>20 s duration) central apneas and periodic breathing

for more than 5 % of total sleep time during sleep. Primary central sleep apnea of

prematurity occurs in an infant of less than 37 weeks conceptional age with similar

respiratory events.

Treatment-emergent central sleep apnea is diagnosed when five or more obstruc-

tive events occur during a PSG with continuous positive airway pressure (CPAP)

that shows resolution of obstructive events and presence of central apneas or

hypopneas (Westhoff et al. 2012).

The treatment of the sleep-related breathing disorders is mainly based upon

improved ventilation during sleep with devices such as a CPAP, bilevel positive

airway (BiPAP) device, or an adaptive servoventilation (ASV) device. Medication

is rarely used but may be considered in central sleep apnea syndrome where

medroxyprogesterone has been shown to be helpful especially in patients with an

obesity-hypoventilation component to their disease. Rarely a respiratory stimulant
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antidepressant such as protriptyline may also be useful, but its usefulness is

impaired by significant adverse effects (Hudgel 1995).

3 Central Disorders of Hypersomnolence

The central disorders of hypersomnolence comprise eight disorders. Narcolepsy has

undergone a major revision with elimination of the disorder name terms, with or

without cataplexy. Type 1 narcolepsy is that presumed to be due to hypocretin loss

with either measured reduction in csf hypocretin or cataplexy with associated

electrophysiological findings. Narcolepsy Type 2 is that which is confirmed by

electrophysiological studies in the absence of cataplexy or with a normal csf

hypocretin level. A major change in the narcolepsy criteria is the addition of

including a SOREMP on the nocturnal PSG as one of the two required to meet

the MSLT criteria of two SOREMPs for diagnosis. This is based upon a study that

indicates that the positive predictive value of a SOREMP on the nocturnal PSG for

narcolepsy is 92 % (Andlauer et al. 2013). Approximately 50 % of patients with

narcolepsy will have a SOREMP less than 15 min on the nocturnal PSG.

Narcolepsy is treated by medications that either treat both major symptoms of

EDS and cataplexy, such as sodium oxybate, or by medications that target each

symptom separately. Wake promoting agents such as modafinil or armodafinil are

the preferred agents for EDS and can be combined with a norepinephrine antagonist

such as venlafaxine for the treatment of cataplexy. Alternative medications for

sleepiness include the amphetamines such as dextroamphetamine, combination

amphetamine salts (adderall) or rarely methamphetamine, and methylphenidate

(Ahmed and Thorpy 2010). Mazindol is available in France and has been used

successfully for treating the sleepiness and cataplexy in narcolepsy (Nittur

et al. 2013).

Idiopathic hypersomnia (IH) is a single entity with elimination of the two ICSD-

2 hypersomnia disorders that had specific sleep duration criteria. The new idio-

pathic hypersomnia disorder requires either an MSLT mean sleep latency of 8 m or

less, or a nocturnal sleep duration of at least 660 min. The ICSD-2 category of

recurrent hypersomnia has been reduced to a single entry Kleine–Levin syndrome

(KLS) with a subtype of menstrual-related Kleine–Levin syndrome (Arnulf

et al. 2008). The sleepiness must persist for 2 days to 5 weeks and at least once

every 18 months. There can be only one symptom with the sleepiness of cognitive

dysfunction, altered perception, eating disorder, or disinhibited behavior.

Treatment of IH is similar to that for narcolepsy without cataplexy. Wake

promoting agents such as modafinil or armodafinil, amphetamines, and methylphe-

nidate are the preferred agents (Lavault et al. 2011). Sodium oxybate can be

considered but little data exists on its effectiveness for IH. Mazindol is available

in France and has been used successfully (Nittur et al. 2013). KLS treatment is

generally disappointing but medications that have been tried include lithium car-

bonate and amantadine (Arnulf et al. 2008).
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Insufficient sleep syndrome is the new term for the previous more cumbersome

term of behaviorally induced insufficient sleep syndrome. The reduced sleep must

be present most days for at least 3 months. Extension of sleep time must result in

resolution of symptoms. The other three items in the hypersomnia disorders section

are hypersomnia related to a medical disorder, medication or substances, or psy-

chiatric disorder.

Long sleeper is no longer regarded as a disorder but as a normal variant. There

are no diagnostic criteria but a total sleep time of 10 or more hours is suggested as

being usually accepted.

4 Circadian Rhythm Sleep–Wake Disorders

The circadian rhythm sleep–wake disorders comprise six specific disorders includ-

ing delayed sleep–wake phase disorder (DSWPD), advanced sleep–wake phase

disorder (ASWPD), irregular sleep–wake rhythm disorder, non-24-h sleep–wake

rhythm disorder, shift work disorder, and jet lag disorder. These disorders arise

when there is a substantial misalignment between the internal circadian rhythm and

the desired sleep–wake schedule. Specific general diagnostic criteria are given for

circadian rhythm sleep–wake disorder (CRSWD). A 3-month duration of symptoms

is a requirement for diagnosing all these disorders except for jet lag disorder which

has a requirement of jet travel across at least two time zones. A circadian rhythm

disorder not otherwise specified (NOS) is listed for patients who have a circadian

rhythm sleep–wake disorder who meet all the criteria for CRSWD but not the

specific types.

The CRSWDs are treated by considering chronobiological principles. Most

require some alteration and management of the sleep–wake schedule by behavioral

means. Medications can be helpful, particularly melatonin to stabilize or to help

advance the sleep pattern. Chronobiotics include circadian regulators capable of

entraining desynchronized or misaligned circadian rhythms as one might observe in

patients with delayed sleep phase disorder or non-24-h sleep–wake disorder

(Thorpy and Roth 2013). These medications can reset the circadian clock in the

suprachiasmatic nucleus of the hypothalamus, resulting in alignment of circadian

rhythms with the day/night cycle (Touitou and Bogdan 2007). The only FDA

approved chronobiotic for a CRSD is the melatonin agonist, tasimelteon, which is

approved for the treatment of non-24-h sleep–wake rhythm disorder (Dhillon and

Clarke 2014). Patients with other CRSWDs may be helped by the use of hypnotics

at night to help with the quality of nocturnal sleep and/or the use of wake promoting

agents during the day, such as modafinil, to prevent sleep episodes at inappropriate

times of the day (Morgenthaler et al. 2007).
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5 Parasomnias

The parasomnias are divided into three groups: the NREM-related parasomnias,

REM-related parasomnias, and an other parasomnia category. They are defined as

undesirable physical events or experiences that occur during entry into sleep, within

sleep, during arousal from sleep.

The NREM-related parasomnias comprise general diagnostic criteria for the

group heading of disorders of arousal (from NREM sleep). Specific general diag-

nostic criteria are given for disorders of arousal (DA) and the detailed text applies to

all of the DA’s as no text is presented in each of the specific DAs except for

diagnostic criteria. Sleep-related abnormal sexual behaviors are listed as a subtype

to be classified under confusional arousals. Diagnostic criteria are given for three

disorders: confusional arousals, sleepwalking, and sleep terrors. The final NREM-

related parasomnia is sleep-related eating disorder (SRED) that requires an arousal

from the main sleep period to distinguish it from night eating syndrome (NES)

disorder which is excessive eating between dinner and bedtime, and SRED requires

an adverse health consequence from the disorder.

Treatment of the non-REM-related parasomnias is primarily by ensuring the

patient is protected in the environment by removing any sharp objects such as

furniture from near the bed. Sometimes hypnosis or cognitive behavioral therapy

(CBT) has been helpful. Medications have rarely been effective for sleepwalking or

sleep terrors but some patients have been helped with benzodiazepines, such as

clonazepam, which reduce slow-wave sleep or the use of antidepressant medica-

tions such as paroxetine (Attarian and Zhu 2013).

The REM-related parasomnias include REM sleep behavior disorder (RBD),

recurrent isolated sleep paralysis (RISP), and nightmare disorder. RBD which is

repeated episodes of vocalizations and/or complex motor behaviors requires the

polysomnographic evidence of REM sleep without atonia (RWA) (Schenck and

Howell 2013). RISP is the recurrent inability to move the trunk and all of the limbs

at sleep onset or upon awakening from sleep that causes distress or fear of sleep.

Nightmare disorder is repeated occurrence of extended, extremely dysphoric, and

well-remembered dreams that usually involve threats to survival, security, or

physical integrity.

The REM-related parasomnias, such as nightmares or sleep paralysis, are usually

treated by the use of REM suppressing medications which typically are antidepres-

sants that are sedative such as imipramine. Behavioral management is also impor-

tant as well as psychiatric management in the case of nightmares. However in RBD,

clonazepam is the most effective medication, and less effective but useful when

clonazepam cannot be taken is melatonin in high doses up to 12 mg (McCarter

et al. 2013). Rivastigmine has been shown to be helpful in refractory RBD patients

with mild cognitive impairment (Brunetti et al. 2014).

The other parasomnia section includes three specific disorders: exploding head

syndrome (EHS), sleep-related hallucinations, and sleep enuresis. EHS is a com-

plaint of a sudden noise or sense of explosion in the head either at the wake–sleep
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transition or upon awakening during the night associated with abrupt arousal.

Sleep-related hallucinations are predominantly visual hallucinations that are expe-

rienced just prior to sleep onset or upon awakening during the night or in the

morning. Sleep enuresis is involuntary voiding during sleep at least twice a week in

people older than 5 years of age. Parasomnias associated with medical disorders,

and medication or substance and unspecific parasomnia, comprise the other entries

in this category. Sleep talking is a normal variant that can occur in both NREM or

REM sleep and can be associated with parasomnias such as RBD or DAs.

EHS usually does not require treatment although topiramate has been reported to

be helpful (Palikh and Vaughn 2010). Sleep-related hallucinations may be helped

by REM suppressant medications. Sleep enuresis is largely a maturational problem

that requires no treatment other than behavioral management; however, sometimes

desmopressin may be helpful. There is a report that sertraline can be effective in

desmopressin nonresponders (Mahdavi-Zafarghandi and Seyedi 2014).

6 The Sleep-Related Movement Disorders

The sleep-related movement disorders (SRMD) comprises seven specific disorders;

restless legs syndrome (RLS), periodic limb movement disorder (PLMD), sleep-

related leg cramps, sleep bruxism, sleep-related rhythmic disorder (RMD), benign

sleep myoclonus of infancy (BSMI), and propriospinal myoclonus at sleep onset

(PSM). SRMD are relatively simple, usually stereotyped movements that disturb

sleep or its onset.

Restless legs syndrome (also known as Willis–Ekbom disease) is an urge to

move the legs, usually accompanied by or thought to be caused by uncomfortable

and unpleasant sensations in the legs. The ICSD-3 criteria do not include any

frequency or duration criteria as is contained in the DSM-V criteria.

PLMD is defined as the polysomnography demonstration of periodic limb

movements (PLMS) of >5/h in children and >15/h in adults that cause significant

sleep disturbance or impairment of functioning. Sleep-related leg cramps are

painful sensations that occur in the leg or foot with sudden, involuntary muscle

hardness or tightness. Sleep-related bruxism is tooth grinding during sleep that is

associated with tooth wear or morning jaw muscle pain or fatigue. RMD is

repetitive, stereotyped, and rhythmic motor behaviors involving large muscle

groups that are sleep related. BSMI is repetitive myoclonic jerks that involve the

limbs, trunk, or whole body that occurs from birth to 6 months of age during sleep.

As PSM mainly occurs during relaxed wakefulness and drowsiness as the patient

attempts to sleep, the term “at sleep onset” has been added to the propriospinal

myoclonus name. The three final categories are related to a medical disorder,

medication of substance, and an unspecified parasomnia.

Treatment of RLS is mainly by dopamine agonists such as pramipexole or

rotigitine; however, because of augmentation there is a move to use alpha-2-delta

ligands, such as gabapentin enacarbil or pregabalin, as first-line medications
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(Silber et al. 2013). Opioids, such as oxycodone or tramadol, can be used

when dopamine agonists or alpha-2-delta agonists are not effective. PLMD, when

treatment is required, is usually treated with the same medications as RLS. RMD is

fairly unresponsive to medications but clonazepam has been used but behavioral

treatments or hypnosis may be more effective (Chisholm and Morehouse 1996).

BSMI and PSM usually require no medication treatment.

7 Isolated Symptoms and Normal Variants

Isolated symptoms and normal variants include excessive fragmentary myoclonus

(EFM), hypnagogic foot tremor and alternating muscle activation, and sleep starts

(hypnic jerks). EFM is now regarded as a normal variant found on

polysomnographic EMG recordings that are characterized by small movements of

the corners of the mouth, fingers, or toes or without visible movement. Hypnagogic

foot tremor (HFT) is rhythmic movement of the feet or toes that occurs in the

transition between wake and sleep or in light NREM sleep, and alternating muscle

activation (ALMA) is brief activation of the anterior tibialis in one leg with

alternation in the other leg. Sleep starts (hypnic jerks) are brief, simultaneous

contractions of the body, or one or more body segments occurring at sleep onset.

The isolated symptoms and normal variants usually do not require any specific

treatment.

The final category in the ICSD-3 is a general other sleep disorder category for

disorders that cannot be classified elsewhere.

Conclusion

The new ICSD-3 is a major advance over previous versions, but it is unfor-

tunate that some of the diagnostic criteria differ from that of DSM-V, for

example, the criteria for narcolepsy. However, the DSM-V serves as an entry

level classification, mainly for psychiatrists, and it is to be hoped that in the

future the two classifications will be merged into one that will cause less

confusion not only for clinicians but also for agencies that reimburse for

health care and provide for treatment options.

Appendix A lists several disorders that are coded in other sections of ICD

10 other than the sleep sections and include: Fatal Familial Insomnia, Sleep-

Related Epilepsy, Sleep-Related Headaches, Sleep-Related Laryngospasm,

Sleep-Related Gastroesophageal Reflux, and Sleep-Related Myocardial

Ischemia. Appendix B lists the ICD sleep-related substance-induced sleep

disorders.
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Development of New Therapeutical Agents

for Treatment of Insomnia and Other Sleeps

Disorders

Gloria Martin and Antonio Guglietta

Abstract The development of a new therapeutic agent for human use is a complex,

highly regulated, risky, and expensive process which, in the case of insomnia and

other sleep disorders, presents some special challenges typical of this group of

diseases. The development of a new therapeutic agent consists of a series of

Nonclinical and clinical phases in which the new drug candidate has to demon-

strate, among other things, a favorable benefit/risk ratio in the treatment of a given

disease before receiving market authorization and be used to treat patients. In the

Nonclinical development phase chemical development, formulation development,

analytical methods development, pharmacology development, pharmacokinetic

development, and Nonclinical safety evaluation of the new drug candidate are

carried out. The main goal of these studies, conducted both in vitro and in vivo in

laboratory animals, is to collect sufficient information to authorize the evaluation of

the new therapeutic agent in humans. The clinical development phase of a new

therapeutic agent consists of several steps in which the new drug candidate is

administered to humans in a stepwise progression starting with administration to

a reduced number of healthy volunteers and then progressing to patients in order to

assess its safety and efficacy. In addition, in the case of hypnotics, specific points of

concerns such as development of tolerance, potential for drug abuse, interaction

with other drugs, and next-day performance should also be addressed and evaluated

promptly and properly. Several guidelines issued by regulatory agencies are avail-

able to guide investigators throughout the entire development process and should be

consulted to correctly design and execute the individual studies of the development

plan. Nevertheless, during the development of new therapeutic agents for insomnia

and other sleep disorders, specific issues can arise which are not covered by the

available guidelines. Therefore, it is always highly advisable to consult with

regulatory agencies on how to address these specific points. A better understanding

on the drug regulatory framework and rules can maximize the chances of a
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successful development of a new therapeutic agent for treatment of insomnia and

other sleep disorders.

1 Introduction

Sleep disorders consist of a group of disorders that have in common a disturbance of

the normal sleep process such as difficulty of falling asleep, inadequate duration of

sleep, etc. Several distinct sleep disorders are known today which cause a major

impact on the quality of life of a person and have important social and economic

consequences (see chapter “Classification of Sleep Disorders”). Relatively few

drugs are available on the market to treat some of these disorders (Equihua

et al. 2013; Kryger et al. 2011) and it is likely that new therapeutic agents with

an improved efficacy and safety profile will be developed in the future to replace the

existing treatments and to provide treatments for sleep disorders conditions for

which, presently, there is no specific treatment.

The development and approval of a new drug for human use is a highly regulated

process. In order to be commercialized, a new drug has to receive a market

authorization by the competent government body of a country. This authorization

is granted after evaluation of all the scientific data available for the new therapeutic

agent including data on efficacy, safety, and manufacturing process of the active

molecule and its formulations. In order to be approved, a new drug candidate has to

be manufactured reproducibly under strict quality conditions and has to demon-

strate, among other things, in well-designed and well-conducted studies a statisti-

cally beneficial effect in a given disease as well as to be safe to humans which, in

broader terms, means to demonstrate a favorable benefits/risks ratio. Each country

has its own government body that grants a market authorization for new drugs. In

the United States the agency that reviews the information and scientific data on a

new drug and grants its market authorization is the Food and Drug Administration

(FDA). In the European Community the situation is somehow more complex since

there is a central European agency (European Medicines Agency or EMA) which

coexists and shares some responsibilities with country-specific agencies (for

instance the Medicines and Healthcare Products Regulatory Agency in United

Kingdom or the “Agence National de Sécurité du Medicament et des Produits de

Santé” in France) and several review and approval regulatory procedures coexist.

The rate of failure to get market authorization for a new drug may be quite high

although this rate varies depending on several factors such as the therapeutic area

and indication and development phase of the drug (DiMasi et al. 2010). Reasons for

failure of drug development are multiple and include scientific, technical, regula-

tory, and commercial issues (Table 1). Although the risks associated with drug

development failure cannot be completely eliminated, they can be reduced by a

careful selection of the project to develop, by providing adequate development
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funding and by designing a proper development plan. In this regard, it is very

important to understand what kind of data are required by the regulatory agencies to

approve a new drug and to comply with their requirements in terms of number and

type of studies to be conducted, quality of the data, statistics, etc. While it may be

acceptable, although painful, to stop the development of a drug candidate due, for

instance, to lack of efficacy or safety concerns after a well-designed development

plan, it may be quite frustrating to abandon the development of a new therapeutic

agent due to bad planning and/or to poorly designed development studies. In order

to facilitate development of a new drug, in many cases, the regulatory agencies

issue specific guidelines to guide investigators throughout this process. Regulatory

guidelines however are limited in scope. They tell you what to do but not how to do

it. There is always room for interpretation and following these guidelines does not

guarantee the approval of a new drug. Therefore, it is always highly advisable

during the entire development process to have frequent meetings with the regula-

tory agencies to address specific issues that might have arisen during the process

and to discuss with them results and ways to proceed. To this end, some agencies

have established specific consultations programs such as scientific advices, pre-IND

meetings, etc. to meet with the investigators to review the available data and

address their concerns.

In the area of insomnia and sleep disorders, despite some new drugs have been

recently successfully developed, several other molecules have, for a variety of

reasons, failed to reach the market place (Food and Drug Administration 2013,

Table 1). However, there are several still unmet medical needs in this area that

require specific and better treatments. This represents a unique opportunity from a

scientific, medical, and commercial standpoint to develop more specific therapeutic

agents to treat these conditions. In this regard, a better understanding of the drug

development and approval process and the peculiarities of the sleep disorders area

may help to maximize the chance of success.

Table 1 Main reasons for drug development failure

Group Reason Example

Scientific Efficacy Lack of efficacy in Nonclinical and clinical studies

Safety Safety concerns in Nonclinical and clinical studies

Technical API issues Technical problem in the synthesis of the API

Formulation issues Stability of the formulation

Regulatory Regulatory

requirements

Development plan did not meet regulatory

requirements

Regulatory decisions Unfavorable benefit/risk ratio or quality issues

Commercial Development cost High development cost

Patent issues Lack of IP protection

Market value Change in the market value of the product
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2 Drug Discovery in Insomnia and Other Sleep Disorders

The process that leads to the approval and commercialization of a new drug,

including those to treat sleep disorders, starts with the identification of a new

therapeutic molecule such as a small molecule, a peptide, a protein (Fig. 1), etc.

Similarly to other therapeutic areas, new therapeutic molecules to treat sleep

disorders can be discovered using different approaches such as:

Target-Based Approach The starting point of this approach is the identification of

a molecular target that plays a key role in a given medical condition such as

receptors or enzymes whose activity is then modified by molecules that bind to

it. The target chosen may be a “new target” against which no drugs have ever been

developed, at least for a specific disease, or an “old target” which is one that has

been known for some time to play a role in a given disease and against which drugs

have already been developed to treat the medical condition that is object of our

investigation. Most of the time, the goal of this approach is to identify a molecule

that can block the activity of a receptor (receptor antagonists) or inhibit the activity

of an enzyme (enzyme inhibitors). These molecules can be identified by a variety of

methods such as a process of medicinal chemistry or through the screening of

library of molecules.
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Fig. 1 The drug development process. The dotted box indicates an optional step of the clinical
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In the area of sleep disorders, an example of a new target is represented by the

orexin receptors which were recently discovered (de Lecea et al. 1998; Sakurai

et al. 1998) and their involvement in sleep demonstrated (de Lecea and Huerta

2014; Krystal et al. 2013; Sellayah and Sikder 2013). Several orexin antagonists

have been synthesized and are currently in development for treatment of insomnia

(Equihua et al. 2013). If successful, the orexin antagonists will be the first mole-

cules of a new class of hypnotics (orexin antagonists) that will reach the market.1

An example of an “old target” in sleep disorders is represented by the GABAA

receptor against which at least three generation of hypnotics have been developed

(barbiturates, benzodiazepines, z-drugs) (L�opez-Muñoz et al. 2005; Wick 2013;

Nutt and Sathl 2010). Although potentially very rewarding, the new target approach

is also very risky since no previous drug acting on this target has ever been

developed to treat the disease object of our research or any other medical condition.

The synthesis of molecules that bind to the new target may not be technically or

commercially feasible or may be associated with target-specific toxicology and

adverse effects. The old target approach on the other hand may be less rewarding

but is also less risky since a lot of information may be available on target-specific

unwanted effects and chemical structures that bind to it. This previous available

information therefore may be very useful to the investigators to design the discov-

ery phase of a new molecule.

Molecule-Based Approach Another approach to discover new drugs, including

those to treat sleep disorders, is the molecule-based approach in which the starting

point of the discovery program is a molecule known to have the desired biological

effects and which is either usually already on the market or in advanced phase of

development. In this kind of approach, the molecular structure of an existing active

molecule is modified in an attempt to identify a new chemical structure that

improves the benefit/risk ratio of the reference molecule. This approach may be

less risky than other approaches; however sometimes it may not be possible to

synthesize a new molecule structure that improves the benefit/risk ratio of the

reference molecule also because several chemical modifications of the reference

molecule may have been already explored and may not be patentable.

Endogenous Molecules Replacement Approach A new therapeutic agent can be

identified based on a better understanding on the physiology of endogenous mol-

ecules. For instance, the discovery that some narcoleptic patients have low level of

orexin in their brain (Mignot et al. 2002; Kanbayashi et al. 2002; Nakamura

et al. 2010; Nishino et al. 2000) suggests that, at least in theory, the exogenous

administration of this peptide may restore its physiological levels and be beneficial

in the treatment of this condition.

1 After this book went to press, on Aug 13th 2014, the US Food and Druf Administration approved

Suvorexant (Belsomra) tablets to treat difficulty in falling and stying alseep (insomnia).

Suvorexant is the first approved drug of the orexin antagonists class.
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In the discovery phase of a new drug such as a new therapeutic agent to treat

sleep disorders, some preliminary chemical and biological characterization of the

new molecule is carried out. This characterization may include biochemical in vitro

assay such as receptor binding, enzyme inhibition assay, as well as in vivo phar-

macology and pharmacokinetic characterization and toxicology tests both in vitro

and in vivo using laboratory animals. Typically, to obtain the final molecule to be

developed, it is necessary to go through a cycling process in which initially

identified molecular structures are tested in a variety of chemical and biological

assays and then modified on the basis of the results obtained. This process may be

repeated several times until a molecule with the final desired characteristics is

identified. For instance, to identify new orexin antagonists that may become

potential new drugs to treat insomnia, the new small molecules synthesized may

be screened for their ability to bind to the orexin receptors and act as receptor

antagonists while the in vivo activity, pharmacokinetics, metabolism, etc. of these

new molecules may also be tested in animals.

When, based on the data collected during the discovery phase and other consid-

erations (market size, development cost, time to market, cost of goods, etc.), a

decision is made to develop the new therapeutic agent, the Nonclinical develop-

ment phase of a new drug begins.

3 Nonclinical Development in Insomnia and Other Sleep

Disorders

The Nonclinical development phase of a new therapeutic agent consists of different

groups of studies that may be carried out sequentially or in parallel whose goal is to

collect sufficient data on the new molecule to make a judgment on whether its

activity and safety can also be evaluated in humans (Fig. 1).

3.1 Definition of the Manufacturing Process of the Drug
Substance

Throughout the Nonclinical development, the process of synthesis and manufactur-

ing of the new therapeutic agent is defined (chemical synthesis, biotechnology, etc.)

and characterized in terms of presence and levels of impurities, stability of the drug

substance, physical properties, yield of the manufacturing process, etc. The process

of manufacturing is scaled up both to assure that sufficient quantity of the drug

substance of the required quality is available to carry out the Nonclinical develop-

ment studies and to define a large scale manufacturing process. The final goal of the

manufacturing development is to have a well-characterized, reliable, and
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reproducible method of synthesis of the new therapeutic agent of the required

quality suitable for human use and commercialization.

The results and conclusions of this development step are summarized in a

regulatory document which will be part of the application submitted prior to

human testing to the competent government agencies. Specific guidelines issued/

adopted by several regulatory agencies are available to guide the manufacturing

company throughout this process (ICH Harmonized Tripartite Guideline 2012).

However, it may always be a good idea to discuss specific issues that may arise,

during the process with the competent regulatory agencies.

The definition and characterization of the manufacturing process of the drug

substance usually runs in parallel with other Nonclinical development phases. This

implies that the drug substance used in the different studies of the Nonclinical

development phase may come from different batches whose characteristics may be

slightly different. This may be acceptable providing that no major differences such

as in the presence and level of impurities or critical physical properties (polymor-

phism, etc.) exist between different batches of drug substance. Generally speaking,

it is always a good idea to use the closest to final product drug substance available

for all Nonclinical development studies and in particular for key studies such as the

toxicology and other safety studies. Changes in the manufacturing process that lead

to major changes of the characteristics of a new therapeutic agent (i.e., different

impurity profile) may have a major impact on the development program and may

require running additional studies that, ultimately, result in longer development

time and increased development cost. Although during the development of a new

drug, a change of the manufacturing process of the drug substance is often neces-

sary, sometimes even in the late phases of development, for instance to optimize the

process of synthesis and reduce costs, the risk to significantly modify the charac-

teristics of the drug substance, and its impact on the development process should be

carefully considered.

3.2 Analytical Methods Development

Several studies that need to be conducted during the Nonclinical and clinical

development of a new therapeutic agent require the identification and quantification

of several chemical products such as the drug substance, its metabolites, degrada-

tion products, etc. both in vitro (cell cultures, etc.) and in biological samples (blood

levels, organs, and tissue levels, etc.). The manufacturing of the drug substance as

well as toxicology, safety pharmacology studies, pharmacokinetic, metabolism,

formulation, and clinical studies cannot be carried out according to regulations

without the availability of specific methods of analysis for the drug substance, drug

product, and related compounds. Therefore, it is necessary that specific and vali-

dated analytical methods are developed and are available at the time of running all

clinical as well as specific nonclinical studies.
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3.3 Nonclinical Safety Evaluation

In order to be administered to humans, the safety of a new therapeutic agent has to

be extensively characterized in the nonclinical development phase both in vitro and

in vivo using a variety of laboratory animals. To characterize the toxicology profile

of a new drug candidate, a series of properly designed studies are conducted. As in

the case of manufacturing development of drug substance, several regulatory

guidelines (ICH, FDA, or EMA) are available to help investigators to decide the

type and design of toxicology studies needed to support the human testing of the

new molecule. The main purpose of this evaluation is to collect enough data to

support the proposed clinical studies and to conclude that the new therapeutic agent

can be administered to humans, under the experimental conditions of the study(ies)

proposed, with an acceptable risk of having some undesirable effects (ICH

Harmonised Tripartite Guideline 2009). More specifically, a well-designed toxi-

cology plan should allow the identification and characterization (incidence, sever-

ity, reversibility, etc.) of possible adverse effects induced by a new therapeutic

agent and to establish the doses at which such events occur. Toxicology studies may

include in vitro studies such as those using isolated cells in cultures and in vivo

animal studies which are generally conducted in mice, rats, rabbits, guinea pigs,

minipigs, dogs, and primates. The choice of a given animal to conduct toxicology

studies should be justified mainly in terms of their relevance to humans (i.e., same

metabolites profile, etc.). Examples of toxicology in vitro studies include, but are

not limited to, the AMES test (Martelmans and Zeiger 2000; ICH Harmonised

Tripartite Guideline 2011) and the chromosomal aberration test (Clare 2012; OECD

1997) to assess the carcinogenicity potential of a new molecule (ICH Harmonised

Tripartite Guideline 1995) or the hERG test which detects potential cardiotoxicity

of the new drug (Katchman et al. 2005; Johannesen et al. 2014; ICH Harmonised

Tripartite Guideline 2000). Examples of in vivo toxicology studies include general

toxicology studies (acute and repeated doses studies) (ICH Harmonised Tripartite

Guideline 1998; European Medicines Agency 2010a) and reproductive and devel-

opmental studies (ICH Harmonised Tripartite Guideline 2005a; Food and Drug

Administration 2011; European Medicines Agency 2008). In addition, depending

on the type of product to be developed, some special safety studies may be required

such as immunotoxicity studies in the case of proteins, peptides, or other molecules

that have the potential to induce antibody formation (ICH Harmonised Tripartite

Guideline 2005b; Food and Drug Administration 2002) or drug abuse studies in the

case of compounds known to cause drug addiction (European Medicines Agency

2006; Food and Drug Administration 2010). The toxicology studies sometimes are

not limited to the new drug substance but are extended also to their formulations,

impurities, and metabolites (Food and Drug Administration 2008).

In toxicology studies, it is generally expected to find toxicological effects.

Therefore, the dose of the drug under evaluation should be increased until such

effects appear. The results obtained from these studies will allow to determine the

maximum initial dose that should be administered in humans (ICH Harmonised
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Tripartite Guideline 2009; European Medicines Agency 2007; FDA 2005b) and to

establish the Nonclinical therapeutic window of the new drug which is the ratio

between the doses at which an undesirable effect occurs and those that induce a

desirable effect. The larger this ratio the safer the new drug is. A toxicology effects-

free study may not be conclusive and may generate doubts on whether the animals

have been exposed to the new therapeutic agent. Therefore, it is advisable, at least

in key toxicology studies, to also measure the blood level and, sometimes tissue

levels, of the molecule administered (toxicokinetic) (ICH Harmonised Tripartite

Guideline 1994a). The presence and level of the molecule under evaluation in the

blood would prove that the animals have been exposed to the new therapeutic agent

and will allow to relate a toxicological effect to a given blood level of the molecule.

In evaluating the results of the toxicology studies, one should always keep in

mind the pharmacological activity of the molecule under testing and not to classify

as toxic an effect that is actually the desired pharmacological activity expected. For

instance, when evaluating the toxicology effects of hypnotics, it is expected to

detect some sedation of the animals which, in the case of other class of drugs, could

be considered a toxic effect. However, in the case of hypnotics, sedation is part of

their desired pharmacologic activity and thus it should not be considered a toxic

effect but actually a demonstration of its therapeutic activity.

Safety evaluation of a new therapeutic agent also includes safety pharmacology

studies whose goal is to investigate the potential undesirable effect of a new

therapeutic agent on specific organs or systems after exposure to therapeutic or

higher dose of the molecule. Safety pharmacology studies include evaluation of the

effects of the new therapeutic agent on vital organs or systems such as cardiovas-

cular, respiratory, and central nervous system. In some cases, evaluation of the

effects on other systems such as renal and gastrointestinal systems may also be

required (European Medicines Agency 2010b). The safety pharmacology plan and

studies should be designed following the recommendations of specific guidelines

and on the basis of the specific properties of the new molecule and the pharmaco-

logic class to which it belongs (ICH Harmonised Tripartite Guideline 2000;

European Medicines Agency 2001).

In the safety evaluation of a new molecule intended to be used for treatment of

insomnia and other sleep disorders, the following special aspects should be

considered:

3.3.1 Tolerance, Physical Dependence, and Addiction

Tolerance causes a decrease of effectiveness of a therapeutic agent such as a

hypnotic over time which can be overcome by administering higher concentrations

of the drug (Heit 2003). Although tolerance may develop to all effects of a drug, the

rate and the degree at which it occurs may be different and specific for each effect

(Bateson 2002; Griffiths and Johnson 2005; Vinkers and Oliver 2012; Rabbani

et al. 1995). While the development of tolerance to an undesirable effect may not be

relevant and actually may be beneficial since it widens the therapeutic window of
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the drug, development of tolerance to a desirable effect may have negative thera-

peutic impacts since higher doses of the drug are needed to be administered to have

the same degree of a therapeutic effect with the consequences of narrowing the

therapeutic window and increasing the risk of producing toxic effects. Physical

dependence, on the other hand, is a physical reaction characterized by symptoms

and signs such as anxiety, vomiting convulsions, etc. that occur after abrupt

discontinuation of a chronically administered drug (Heit 2003). Finally addiction

can be defined as a compulsive need to use the drug despite harmful consequences

(Heit 2003).

It is known that development of tolerance, physical dependence, and addiction

occur, although to different degrees, with drugs that act by modulating the activity

of the GABAA receptor such as benzodiazepines and non-benzodiazepine hyp-

notics (Greenblatt and Roth 2012; Hajak et al. 2003; O’brien 2005; Uzun

et al. 2010; Zisapel 2012). Although the development of these undesirable effects

of a drug ultimately needs to be evaluated in humans, Nonclinical studies in animals

may provide useful insights of the risk of developing them after administration of a

new drug candidate to humans and allow to design the clinical studies accordingly.

A variety of animals models have been developed to evaluate these effects in

species such as rats, dogs, and monkeys ranging from chronic administration of a

drug to precipitating a withdrawal syndrome to self-administration of drugs (Toth

and Bhargava 2013).

3.3.2 Risk of Falling

Falling may be a dangerous side effect of several drugs including hypotensive,

antipsychotics, muscle relaxants, etc. The mechanism of action of this effect is

often not clear and may be related to mechanisms such as drowsiness, dizziness,

and ataxia (Cardario et al. 2011). An increased risk of number of falls has been

reported in people taking hypnotics, particularly those acting on the GABAA

receptor (Kolla et al. 2013; Obayashi et al. 2013; Mets et al. 2010) and motor

impairment and muscle relaxation have been associated with modulation of the

activity of selected α subunits that make up this receptor (Milić et al. 2012; Rowlett

et al. 2005). Therefore, one possible mechanism for the increased number of falls in

patients taking GABAA-acting hypnotics may be related to motor impairment

muscle relaxation and coordination. Addressing this point at a Nonclinical stage

in animals using appropriate tests (Deacon 2013; Meyer et al. 1979; Nordmann

1985; Milić et al. 2012) may provide useful information on the new molecule and

its potential to cause an increased risk of number of falls.

3.3.3 Next-Day Effects

A good hypnotic should be able to promptly induce physiological sleep of good

quality and of adequate duration. In addition, the use of a hypnotic should not be
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associated with any residual undesirable effects such as memory impairment and

performance deficits the day after drug administration and the individual should be

able to carry out daily tasks such as driving normally. The next-day effects

constitute an important part of the clinical evaluation of a hypnotic which however

should also be studied during the Nonclinical development phase.

3.3.4 Interaction with Other Drugs

Other drugs that a patient takes concomitantly with sleep disorders medications

may produce drug–drug interactions that may result in some unexpected and

undesirable effects. In the case of hypnotics, interaction with alcohol deserves a

special mention. It has been reported that consumption of alcohol in patients that

take hypnotics is quite frequent particularly in certain age-groups (Ilomäki

et al. 2013). Alcohol may interact with other drugs by modifying their metabolism

and excretion of and/or by producing pharmacodynamics interactions (Saunders

1986). The consequences of interactions of hypnotics with alcohol may result in

excessive CNS depression, impaired psychomotor performance, driving impair-

ment, etc. which frequently lead to intensive care unit admission (Gunja 2013;

Hesse et al. 2003; Zosel et al. 2011). Therefore, already in the Nonclinical devel-

opment of a hypnotic it is important to evaluate its interaction with other drugs and

in particular alcohol.

3.4 Pharmacokinetic and Metabolism Characterization

The pharmacokinetic profile of a sleep disorder medication allows to predict its

effects in humans. Generally speaking, an ideal sleep disorder drug has to be

absorbed quickly, cross the blood–brain barrier and reach the CNS, bind to its

molecular target in sufficient amount and for enough time to exert its action for the

desired duration of time, and then be eliminated completely from the body.

Nonclinical evaluation of the pharmacokinetic profile of a new molecule in several

animal species allows to predict how the new therapeutic agent will behave in

humans and will give insights on how to design clinical studies. These evaluations

need to be conducted mainly by the intended route of administration in humans both

on the drug substance and on its formulated product(s) developed for human use

(ICH Harmonised Tripartite Guideline 1994b; European Medicines Agency 1994)

3.5 Formulation Development

For any new molecule being developed for human use, at least one formulation

suitable for human administration has to be developed before the new therapeutic
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agent can be administered to people. The formula of the new formulation has to be

carefully selected making sure that all its components are suitable for use in humans

and has to be characterized in terms of degradation products, stability, storage

conditions, release of the active component(s), and in vivo pharmacokinetic profile

(ICH Harmonised Tripartite Guideline 1996). In the case of sleep disorders med-

ications, in most cases the formulation developed is an immediate release oral

tablet. However, in selected cases, some special formulations such as extended

release tablet forms, sublingual formulations, oral spray formulations, and intrana-

sal formulations have been developed or proposed (Costantino et al. 2007; Owen

2009)

3.6 Pharmacology Development

The purpose of this phase is to gather additional data on the primary pharmacologic

effect of the new drug to complement the information already collected during the

discovery phase of the new therapeutic agent. The primary pharmacology evalua-

tion plan varies greatly depending on the characteristics of the new therapeutic

agent and the specific points that need to be addressed. Both in vitro and in vivo

studies may be carried out during this phase. In vitro studies may include binding

studies to specific receptors and receptor subtypes to determine important variables

of the drug–receptor interaction such as affinity, selectivity, potency, and efficacy

of the new therapeutic agent for a variety of receptors as well as its agonist or

antagonist activity (Nutt and Sathl 2010; Mould et al. 2014; Winrow and Renger

2014). In vivo pharmacologic evaluation may include studies such as activity of the

new therapeutic agent in animal models of sleep disorders such as models of

insomnia, sleep apnea, restless legs syndrome, and narcolepsy (De la Herrán-

Arita and Druken-Colin 2012; Toth and Bhargava 2013). The choice of the right

animal model depends on many factors such as indication, type of molecule, and

specific points to address.

It is important to stress that the extent of the Nonclinical development phase of a

new therapeutic agent may vary greatly depending on a variety of factors. While for

a new therapeutic agent never previously tested in humans, the development phase

may be very comprehensive, in specific cases such as for instance a new indication

for an already marketed compound, it may be less extensive. The purpose of the

Nonclinical development phase is to collect enough data on a new therapeutic agent

to receive authorization by the competent government body to start its evaluation in

humans. Although the extent of this phase may initially be limited to those studies

required to support the first human study, Nonclinical development of a new

therapeutic agent does not stop when the new molecule enters clinical phase but

continues throughout the entire development process to support additional clinical

studies and market authorization.

The data collected in the development Nonclinical phase along with the pro-

posed clinical plan and study(ies) are submitted to the competent regulatory body
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and ethical committees of the country/medical centers where the clinical studies are

planned. In case of a favorable evaluation, an authorization to conduct the clinical

study(ies) proposed is granted. Because of the different data required by different

regulatory agencies and different criteria of evaluation, sometimes the permission

to initiate clinical studies may be granted in a country and denied in another.

4 Clinical Development in Insomnia and Other Sleep

Disorders

The clinical development phase of new therapeutic agents, including those intended

for treatment of sleep disorders, consists of different studies of increasing com-

plexity whose goal is to assess the efficacy and safety of the new molecule in

humans (Fig. 1).

4.1 Early Phase Clinical Studies

These studies are initial clinical evaluation of a new therapeutic agent intended to

collect data on safety, pharmacokinetics, and pharmacodynamics of the new mol-

ecule. The information gathered in this phase will then be used to design the large

confirmatory studies required prior to market authorization of the new drug.

Typically, early phase studies are grouped in different phases known as phase

0, phase I, and phase II studies.

Phase 0 Studies (Exploratory IND Studies) In selected cases, initial clinical eval-

uation of a new therapeutic agent may be authorized very early in the development

process and with only limited Nonclinical data availability. In the phase 0, the new

therapeutic agent is administered to a small number of subjects at subtherapeutic

doses (microdoses) to collect preliminary data on the pharmacokinetic and phar-

macodynamics of the drug (Food and Drug Administration 2006). Although phase

0 is not mandatory and often may not even be recommended or feasible, in selected

cases, it may be useful to gather preliminary human data which can then be used to

make decision on further development steps of drug candidates.

Phase I Studies These are small studies in healthy human volunteers usually

conducted in a single medical center which typically involve around 20–100 sub-

jects. The main purpose of these studies is to collect safety data on the new

therapeutic agent. These studies evaluate pharmacokinetics, pharmacodynamics,

and tolerability after single and repeated doses of the new drug and are usually

conducted in a stepwise manner starting with the administration of a low dose of the

new agent, determined on the basis of the Nonclinical data, and then progressively
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increasing the dose to be administered. Patients are closely monitored for safety and

studies are stopped as soon as serious safety concerns arise.

Phase II Studies Contrary to phase I, phase II studies are conducted in patients and

may involve up to a few hundred subjects. In addition to further explore the safety

of the drug, the goal of these studies is to determine the therapeutic activity of the

new molecule on a given medical condition and to identify the doses at which it

occurs. To achieve these goals, typically in phase II studies several doses of the

drug under study are tested in order to determine a dose–response curve for a given

pharmacologic effect. To insure that the right patients are entering these studies, an

accurate diagnosis of the sleep disorder being evaluated is necessary. The selection

of a well-defined and well-characterized patient population, particularly in early

clinical evaluations, minimizes the risk of introducing confounding factors in the

studies and helps to reduce the variability of the results allowing a better interpre-

tation of the data. In the case of insomnia, the diagnosis of primary or secondary

insomnia of acute or chronic duration should be established and the patient popu-

lation should be well characterized through, for example, a well-conducted clinical

interview and neurophysiological data such as polysomnography. In insomnia it is

recommended to first assess the clinical activity of new therapeutic agent in primary

insomnia of short duration and then, as the investigation of the new therapeutic

agent progresses, explore the activity of the new drug on secondary and chronic

insomnia and in insomnia in specific age-groups.

Although the design of these studies follows a similar pattern independently of

the type of drug or indication, special features may apply in specific situations. In

evaluating new therapeutic agents for treatment of sleep disorders and particularly

in the case of insomnia, already in early clinical studies, special emphasis should be

given to the evaluation of pharmacokinetic parameters in subsets of the general

population such as children and elderly people and to the accumulation and

circadian variation of the drug.

Proof-of-Concept Studies These are no mandatory small exploratory studies whose

goal is to have a proof of a therapeutic activity in humans. These studies, usually

conducted after phase I studies and demonstration of safety of the drug under

investigation in humans, include a small number of patients suffering from a

given disease and are very useful to demonstrate a clinical beneficial activity and

make a decision on whether continuing the development of the molecule and

confirm its activity in larger clinical studies.

4.2 Late Phase Clinical Studies

Phase III Studies These are large clinical studies which may involve up to several

thousand patients. Typically, they are multicenter and often multinational studies

whose goal is to confirm and further characterize the beneficial activity of the drug

on a given condition as well as to evaluate its safety in a large patient population.
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It is recommended, whenever possible, to include, at least in some of the studies, an

active marketed comparator which allows a useful benchmark to evaluate the new

therapeutic agent.

4.2.1 Late Phase Clinical Studies in Insomnia

In the case of insomnia, specific regulatory guidelines exist for these kinds of

studies (Food and Drug Administration 1977; European Medicines Agency 2011)

to help investigators to design and conduct the right clinical studies. In its guideline,

the European Medicines Agency stresses the importance of documenting the effect

of a new therapeutic agent for the treatment of insomnia both on subjective

endpoints in the “natural setting” and objective endpoints (polysomnography).

The suggested design for these studies is a randomized, double-blind, placebo-

controlled, parallel group studies. At minimum, the activity of the new drug should

be assessed on sleep onset latency, sleep continuity, sleep duration, feeling of

restorative sleep, quality of sleep, and subsequent daytime functioning in the

natural setting. Ideally, the new therapeutic agent should improve all these aspects

of sleep. In the case that only some of these aspects are improved after treatment

with a new therapeutic agent, then the approved indication may be restricted to a

subset of the insomnia patient population (i.e., insomnia characterized by difficulty

to fall asleep) providing that the improvement is robust and clinically relevant. In

any case, the measurement of sleep architecture by polysomnography is considered

helpful for phase III studies and the importance of an improvement in the quality of

next-day time functioning is stressed (European Medicines Agency 2011). In order

to receive a market authorization, the results of the phase III studies should be

“robust and clinically meaningful” and therefore a responder/remitter analysis at

least for the primary endpoint is considered essential by the EMA to assess the

clinical relevance of the data in insomnia (European Medicines Agency 2011).

The studies performed in a sleep laboratory with polysomnography and psycho-

metric methods are very useful to evaluate the effect of a new drug on sleep since

they allow an objective quantification of several sleep parameters such as sleep

onset latency, number and duration of awakenings, and total sleep time. However,

these measurements are obtained in an artificial setting which may have an impact

on the outcome of the studies and therefore may not be completely representative of

the results obtained in a normal setting. Therefore, the importance to demonstrate a

beneficial effect of a new therapeutic agent in insomnia in a natural setting should

be again emphasized (European Medicines Agency 2011). Ambulatory

polysomnography, in which a device that records several parameters of insomnia

and other sleep disorders (Doering et al. 2008) is worn by the patient, may reduce

the impact of the artificial setting of a sleep lab allowing the test to be conducted at

home. Actimetry, which measures the gross motor activity usually by means of a

wrist device worn by the patient, also reduces the impact of a sleep lab. However,

the data obtained with actimetry in sleep (Wang et al. 2008) are considered useful
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by the EMA only to complement the polysomnographic data but are unacceptable

when used alone (European Medicines Agency 2011).

As mentioned, since insomnia can negatively impact the quality of life, the effect

of a new therapeutic agent on this parameter should be assessed using, for instance,

questionnaires and semi- or structured interviews.

In the first late phase clinical studies of a new hypnotic agent, a duration of

treatment of 2–4 weeks is recommended. However, unless there are safety concerns

or unless only a short-term indication is sought, the activity of the new hypnotic

should later on be also evaluated in long-term studies of at least 6-month duration.

The preferred design for long-term studies is a double-blind placebo-controlled

randomized withdrawal design in which, after a trial of sufficient duration,

responders to the new drug under study are randomized to continue treatment or

switch to placebo and the number of patients worsening and the time to this effect

chosen as primary endpoints (European Medicines Agency 2011). As an alternative

to the randomized withdrawal design, a double-blind placebo-controlled extension

study could be chosen (European Medicines Agency 2011).

It is recognized that insomnia may present special features in pediatric and

elderly population (Owens 2006; Kamel and Gammack 2006; Bain 2006) and

that children and elderly people may respond to drugs differently than young adults

(Stephenson 2005; Noble 2003). Therefore, data on drug efficacy and safety

obtained in young adults cannot be extrapolated to these groups and, if an indication

in these special populations is sought, specific clinical efficacy and safety data

should be collected (European Medicines Agency 2011).

In pediatric population, a specific three-arm study of the same duration as in

adults including a placebo and an active comparator should be conducted once the

efficacy and safety of the new drug has been proven for adults (European Medicines

Agency 2011). In children, clinical outcome endpoints are preferred in phase III

studies and next-day performance included as co-primary endpoint should be

assessed by evaluating school performance (European Medicines Agency 2011).

In the elderly, frequency of both primary and secondary insomnia is higher than

in young adults and sleep architecture tends to have a different pattern in this

age-group. Furthermore, the pharmacokinetic and sensitivity of the elderly popu-

lation to a drug may be different than in young adults and often elderly people also

take other drugs for a variety of medical conditions which can interfere with the

new investigational drug. For all these reasons, assessment of efficacy and safety of

a new hypnotic drug in elderly requires conducting specific studies or alternatively,

elderly patients should be included in general phase III studies in sufficient number

to allow a subset analysis for this age-group (European Medicines Agency 2011).

Safety data of a new drug candidate are collected throughout the entire devel-

opment process including large phase III studies. In the case of hypnotics, specific

adverse events particularly relevant in this class of drugs should be monitored

throughout the entire development phase in both short-term and long-term studies.

These include hangover, rebound, and withdrawal effects as well as development of

tolerance and dependence to the new therapeutic agent (European Medicines

Agency 2011). In addition, particular attention should be given to the development
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of CNS adverse effects such as cognition, reaction time, and driving (European

Medicines Agency 2011).

At the end of Phase III studies, all the data are submitted to the competent

regulatory body of a country for evaluation (New Drug Application or NDA in

United States). The application of the new drug can be rejected, approved, or

sometimes the agency may request additional data before a final decision is

made. If the regulatory agency thinks that the new drug has a positive benefit/risk

profile and that it fulfills all their requirements, a market authorization in a given

country is granted. The indication that the new drug receives may be restricted to

certain conditions or age-groups (for instance short-term insomnia, certain

age-groups, etc.) based on the data and/or the results submitted to the agency. It

is not uncommon that a new drug is authorized to be commercialized in a country

and the same application is rejected in another country. This may happen for

instance because the requirement for approval may vary between countries.

Once a drug receives a market authorization by a regulatory agency it can be

commercialized. However, in order to be sold, somebody (the patient himself, an

insurance company, or the government of a country) has to be willing to pay for

it. The approval of a new drug by the regulatory agency does not guarantee that the

drug will be paid by, for instance, an insurance company or by the government of a

country. Particularly in countries with a strong socialized medicine, the opinion of

independent agencies such as the National Institute for Health and Care Excellence

(NICE) (formerly National Institute for Health and Clinical Excellence) in the

United Kingdom which evaluates parameters not required for approval but equally

important to assure efficient and high quality health care to citizens is taken into

account to make this decision. Among others, one parameter that is evaluated to

make a decision on whether or not to pay for the new drug is the relationship

between benefits and costs of therapeutic agents (Chalkidou 2009). Therefore,

given the high importance of this relationship, pharmacoeconomic studies are

often included by pharmaceutical companies in the development plan of a new

drug candidate (Bodrogi and Kal�o 2010; International Society for Pharmacoe-

conomics and Outcome Research)

5 Post-approval Studies in Insomnia and Other Sleep

Disorders

After a new therapeutic agent has received the first approval to be commercialized,

the research and development on the activity on the new therapeutic agent does not

stop but continues with the so-called post-approval studies. These studies are aimed

to gather more information of the new drug to, for instance, better clarify some

aspects of its development and/or expand its indications and monitoring its safety.

Several types of post-approval studies exist (Fig. 1).
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Studies Requested by the Regulatory Agency These might be additional

Nonclinical or clinical studies that are requested by a regulatory agency to evaluate

or better understand certain aspects of the activity and/or safety of the new drug. A

new therapeutic agent may be approved by a regulatory agency with the condition

that additional and specific studies will be conducted by the pharmaceutical com-

pany. Based on the results of these post-approval studies, the regulatory agency

may then make some changes to the approval conditions for instance by putting

some restriction on the use of the new therapeutic agent.

Studies to Expand the Indication that the New Drug Has Received After receiving

the first approval, a pharmaceutical company may decide to run additional studies

to expand the indication of the new drug, to seek a completely new indication, or to

get an approval in another country. For instance, a new hypnotic may be studied in a

special population such as elderly people to receive authorization to its use in this

age-group, or long-term studies in insomnia can be conducted to receive an

indication for chronic insomnia, or specific studies in Asian countries and popula-

tion may be conducted to receive an approval in these geographic areas.

Studies to Develop New Formulation of the Same Active Molecule After a drug is

approved, the pharmaceutical company may decide to develop new formulations of

the same active molecule. This may be done just to offer more choices to the

physician and patients or in response to some concern that has arisen after the

approval of the drug. For instance, a slow release formulation or a fast-absorbed

formulation may be developed in order to overcome a short and inadequate duration

of the activity of a molecule or to speed up its absorption. The development of

controlled release of and sublingual formulations of zolpidem are examples of these

strategies (see chapter “Zolpidem Sublingual Formulations”).

Safety Monitoring (Pharmacovigilance) One of the criteria for approval of a new

drug to be commercialized is its safety to humans. The safety of a new investiga-

tional drug is evaluated throughout the entire development process and approval is

granted if a favorable benefit/risk ratio is demonstrated. Obviously, the correctness

and the value of this assessment is a function of the total number of subjects

exposed to the new drug in the development phases. In the best case scenario,

throughout the entire development process, only a few thousand people have

received the new drug candidate. Simply because of statistic considerations, this

number maybe insufficient to detect certain adverse events such as rare effects that

occur only in a small subset of the general population. When a drug is commer-

cialized, suddenly a much larger population becomes exposed to it therefore

increasing the likelihood of detecting adverse events not identified during the

drug development process. Therefore, it is mandatory for the pharmaceutical

company to continuously monitor for the entire life of the new drug product the

appearance and the degree of adverse events after a drug is commercialized and to

report them to the competent government body. This process is regulated by

specific guidelines that assure a prompt detection and reporting of any adverse

event associated with the use of a new drug (European Medicines Agency 2014;
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Food and Drug Administration 2005a). Based on the results of this continuous

surveillance activity, several actions may be taken by the regulatory agency such as

restriction of the use of new drug, request of additional studies, or even withdrawal

of the drug from the market.

Miscellaneous Studies Additional studies that a pharmaceutical company may

decide to run after approval of the drug may also include a variety of other studies

such as pharmacoeconomic studies and promotional marketing-driven studies.

Conclusions

The discovery and development of new therapeutic agents for treatment of

sleep disorders is a complex, lengthy, and expensive process which, as in the

case of any drug, is highly regulated by the government of a country. In order

to maximize the chances for approval, it is necessary to understand the rules

that govern this process and design a proper development plan which

addresses all the points and concerns of the regulatory agency. Although

there are several regulatory guidelines that help the investigators throughout

this process, each development can be quite unique and may present issues

not covered by any guideline. Therefore, it is always recommended to consult

with the regulatory agency to discuss specific points that might have arisen

during the development. In addition, the development of new therapeutic

agents for sleep disorders presents some specific features typical of this group

of disorders. In the case of development of hypnotics for example, issues such

as tolerance, potential for abuse, interaction with other drugs, and next-day

performance need to be addressed properly during the development. Despite

that several different sleep disorders are known, very few specific medica-

tions are available to treat them. Therefore, with a better understanding of the

physiology and pathogenesis of the different sleep disorders it can be

expected that new, more specific, and better therapeutic agents to treat them

may be discovered and developed in the future.
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Part II

Drugs to Treat Insomnia



Low-Dose Doxepin for Insomnia

Dimitri Markov and Karl Doghramji

Abstract A tricyclic antidepressant first approved in 1969, doxepin has long been

available in larger doses (10-, 25-, 50-, 75-, 100-, and 150-mg capsules) to treat

depression and anxiety and as a topical preparation (5 % cream) for pruritus, but not

in dosages <10 mg. Low-dose doxepin—3 and 6 mg—has demonstrated efficacy

for insomnia characterized by frequent or early morning awakenings and an

inability to return to sleep. FDA-approved in March 2010, doxepin (3 and 6 mg)

is only the second insomnia medication not designated as a controlled substance

and thus may be of special value in patients with sleep maintenance insomnia with a

history of substance use disorders.

1 Introduction

Sleep consists of two strikingly different states: Rapid eye movement (REM) sleep

and nonrapid eye movement (NREM) sleep, which alternate in a cyclical fashion.

NREM sleep can be subdivided further into three stages (N1, N2, and N3). Stage N1

of NREM is viewed as a “shallow” sleep, during which an individual can be easily

aroused. With the onset of stage N2, the arousal threshold increases, and a more

intense stimulus is needed to arouse a sleeper. Stage N3 of NREM sleep (also

known as deep sleep, delta sleep, or slow wave sleep) predominate during the first

third of the night. Slow-wave sleep is associated with a higher arousal threshold

than “lighter” stages of NREM sleep. Sleep begins with Stage N1 of NREM and

“deepens” to NREM Stages N2 and N3, which are followed by the first brief
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episode of REM in approximately 90 min. After the first sleep cycle, NREM and

REM sleep continue alternating in a cyclical fashion. The duration of each cycle is

approximately 90 min. REM sleep episodes become longer as the night progresses,

and the longest REM periods are found in the last third of the night (Sinton and

McCarley 2004; Iber et al. 2007; Doghramji 1998; Siegel 2005; Carskadon and

Dement 2005; Walczak and Chokroverty 1999).

2 Major Neurotransmitters Involved in Sleep
and Wakefulness

2.1 Adenosine

Adenosine is believed to be an endogenous sleep-producing substance. A break-

down product of adenosine triphosphate (ATP), adenosine is believed to mediate

the transition from prolonged wakefulness to NREM sleep. Other substances

hypothesized to be involved in promoting sleep include proinflammatory cytokines

(interleukin-1), prostaglandin D2, and growth hormone-releasing hormone (Pace-

Schott and Hobson 2002; Reiter 2003; Borbely and Achermann 2005; Mignot

et al. 2002; Porkka-Heiskanen et al. 2002; McGinty and Szymusiak 2005).

2.2 Acetylcholine

Cholinergic neurons have a dual role: Some promote sleep, and others promote

wakefulness (McCarley 1999).

2.3 Serotonin and Norepinephrine

Serotonin, norepinephrine, and histamine are believed to be neurotransmitters

which promote wakefulness. The serotoninergic, noradrenergic, and histaminergic

wakefulness-promoting neurons have a discharge pattern nearly opposite to that of

the cholinergic sleep-promoting neurons. The discharge rate of serotoninergic,

noradrenergic, and histaminergic neurons is fastest during wakefulness, decreases

during NREM sleep, and virtually stops firing during REM sleep.

Serotonin and norepinephrine neurons promote cortical activation during wake-

fulness by rapid firing. During the NREM sleep period, at the beginning of the first

sleep cycle, the serotoninergic and noradrenergic neurons significantly reduce their

firing rate. This removes the inhibition from the REM-on cholinergic neurons,

112 D. Markov and K. Doghramji



leading to the first REM sleep period approximately 90 min later (Pace-Schott and

Hobson 2002; Jones 2005; Siegel 2004).

2.4 Histamine

Antihistaminergic drugs that cross the blood–brain barrier are known to produce

sedation. The neurotransmitter histamine plays a key role in maintenance of

wakefulness. Histaminergic neurons originate from the posterior hypothalamus

and project diffusely throughout the brain. In the cortex, histamine facilitates

cortical arousal. Histaminergic neurons fire most rapidly during cortical activation

in the wake state and turn off during REM sleep (Pace-Schott and Hobson 2002;

Jones 2005; Siegel 2004).

2.5 Hypocretin (Orexin)

The newly discovered peptides called hypocretins (also known as orexins) are

thought to regulate wakefulness by interacting with histaminergic, aminergic, and

cholinergic systems. Hypocretins consist of two neuropeptides, hypocretin 1 and

hypocretin 2, and have key roles in regulation of arousal and metabolism. They bind

to their corresponding receptors (Hcrtr1 and Hcrtr2) throughout the brain and spinal

cord. These peptides are produced by hypothalamic neurons that surround the

fornix bilaterally and in the dorsolateral hypothalamus. These hypothalamic regions

are implicated in control of nutritional balance, blood pressure, and temperature

regulation and endocrine secretion and arousal. Hypocretins likely play a role in all

of these functions (Sutcliffe and de Lecea 2002; Peyron et al. 1998).

3 Insomnia

Insomnia is the complaint of an inability to fall or stay asleep or unrefreshing sleep.

It represents the second most commonly expressed complaint (after pain) in clinical

settings (Mahowald et al. 1997).

3.1 Prevalence and Impact of Insomnia

Of the general adult population, 35 % experience insomnia during the course of

1 year (Mellinger et al. 1985). Half experience the problem as severe, and 20 % of

adults are dissatisfied with their sleep or take medication for sleeping difficulties
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(Ohayon 1996). Insomnia is more common in women by a factor of 1.5:1 (Sutton

et al. 2001). In women, its prevalence peaks during pregnancy and in the peri- and

postmenopausal years. It is also more common in adolescents (ages 11–14) than in

younger girls (30.4 % versus 16.8 %) (Camhi et al. 2000). The prevalence of

insomnia increases with advancing age. Insomnia affects more than one-third of

the population aged 65 and older (Ohayon et al. 2001). Insomnia causes a signif-

icant burden for the healthcare system and also for employers of insomniacs in both

direct and indirect expenses including medical expenses, ramifications of accidents,

and reduced productivity due to absenteeism and decreased work efficiency (Leger

et al. 2001; Weissman et al. 1997; Mallon et al. 2002).

4 Doxepin

Low-dose doxepin—3 and 6 mg—has demonstrated efficacy for insomnia charac-

terized by frequent or early morning awakenings and an inability to return to sleep.

FDA approved in March 2010, doxepin (3 and 6 mg) is only the second insomnia

medication not designated as a controlled substance and thus may be of special

value in patients with a history of substance use disorders (Silenor 2010).

Ramelteon, the other hypnotic that is not a controlled substance, is indicated for

sleep initiation insomnia (i.e., inability to fall asleep). In contrast, low-dose doxepin

is for patients with sleep maintenance insomnia, which consists of the complaint of

waking up frequently or early in the morning and not falling back asleep (Silenor

2010; Goforth 2009). A tricyclic antidepressant first approved in 1969, doxepin has

long been available in larger doses (10-, 25-, 50-, 75-, 100-, and 150-mg capsules)

to treat depression and anxiety and as a topical preparation (5 % cream) for pruritus,

but not in dosages <10 mg. An inexpensive generic doxepin oral solution (10 mg/

ml) is available and can be titrated to smaller dosages by a dropper. Liquid doxepin

costs 10–20 cents per dose. A pharmacist can provide a dropper, and patients should

mix the medication in 4 ounces of water, milk, or juice; 0.3 ml of liquid doxepin

contains 3 mg of active ingredient, and 0.6 ml of solution contains 6 mg of doxepin.

These other preparations of doxepin, however, are not FDA-approved for insomnia.

4.1 Mechanism of Action

Doxepin’s mechanism of action for treating depression and insomnia remains

unknown. The antidepressant effect of doxepin is thought to result from inhibition

of serotonin and norepinephrine reuptake at the synaptic cleft. Animal studies have

shown anticholinergic and antihistaminergic activity with doxepin (Goforth 2009).

Doxepin is a potent histamine antagonist—predominantly at the H1 receptor—and

its binding potency to the H1 receptor is approximately 100-times higher than its
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binding potency for monoamine transporters (serotonin and norepinephrine)

(Goforth 2009; Stahl 2008). Brain histamine is believed to be 1 of the key elements

in maintaining wakefulness, and the activation of the H1 receptor is thought to play

an important role in mediating arousal. Blockade of the H1 receptor by doxepin

likely plays a role in reducing wakefulness. Typically, therapeutic doses of antide-

pressants with antihistaminergic properties, such as doxepin at antidepressant

doses, amitriptyline, or desipramine, do not selectively block H1 receptors, but

act at cholinergic, serotonergic, adrenergic, histaminergic, and muscarinic recep-

tors, which can cause adverse effects (Stahl 2008). However, low doses of doxepin

(1, 3, and 6 mg) can achieve selective H1 blockade (Roth et al. 2007; Scharf

et al. 2008). Patients taking >25 mg/day of doxepin may report clinically signifi-

cant anticholinergic effects.

4.2 Pharmacokinetics

When doxepin, 6 mg, was administered to healthy, fasting patients, time to max-

imum concentration (Tmax) was 3.5 h. Peak plasma concentration (Cmax)

increased in a dose-related fashion when doxepin was increased from 3 to 6 mg.

Doxepin, 6 mg, taken with a high-fat meal resulted in area under the curve increase

of 41 %, Cmax increase of 15 %, and almost 3-h delay in Tmax. Therefore, to

prevent a delay in onset of action and to minimize the likelihood of daytime

sedation, doxepin should not be taken within 3 h of a meal (Silenor 2010; Goforth

2009; Stahl 2008). Doxepin is metabolized primarily by the liver’s cytochrome

P450 (CYP) 2C19 and CYP2D6 enzymes; CYP1A2 and CYP2D6 are involved to a

lesser extent. If doxepin is coadministered with drugs that inhibit these isoenzymes,

such as fluoxetine and paroxetine, doxepin blood levels may increase. Doxepin does

not seem to induce CYP isoenzymes. This medication is metabolized by demeth-

ylation and oxidation; the primary metabolite is nordoxepin (N-desmethyldoxepin),

which later undergoes glucuronide conjugation. The half-life is 15 h for doxepin

and 31 h for nordoxepin. Doxepin is excreted in urine primarily as glucuronide

conjugate (Silenor 2010; Goforth 2009; Stahl 2008). Coadministration with cimet-

idine, an inhibitor of CYP isoenzymes, could double the doxepin plasma concen-

tration; therefore, patients taking cimetidine should not exceed 3 mg/day of

doxepin.

4.3 Efficacy

Doxepin reduced insomnia symptoms in 3 pilot studies at doses of 10, 25, and

50 mg, and in 2 phase III randomized, double blind, placebo-controlled clinical

trials using 1, 3, and 6 mg (Roth et al. 2007; Scharf et al. 2008). Clinical studies

lasted up to 3 months (Silenor 2010; Goforth 2009; Stahl 2008; Hajak et al. 1996,
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2001; Rodenbeck et al. 2003). In the first phase III trial, 67 patients, age 18 to

64 with chronic primary insomnia, were randomly assigned to placebo or 1, 3, or

6 mg of doxepin for 2 nights. All patients received all treatments, and each

treatment was followed by 8 h of polysomnography (PSG) evaluation in a sleep

laboratory (Roth et al. 2007). In this study, patients taking doxepin at all doses

achieved improvement in objective (PSG-defined) and subjective (patient-reported)

measures of sleep duration and sleep maintenance. Wake after sleep onset

(WASO), total sleep time (TST), and sleep efficiency (SE) improved with all

doxepin doses, and wake time during sleep (WTDS)—which was the primary

study endpoint—decreased with 3 and 6 mg doses, but not with 1 mg or placebo.

In addition, PSG indicators of early-morning awakenings (terminal insomnia) were

reduced, as shown by an increase in SE during the final third of the night and the 7th

and 8th h of sleep (1, 3, and 6 mg doses) and a reduction in wake time after sleep

(WTAS) during the final third of the night (6 mg only). The effects on sleep

duration and maintenance were more robust with 3 and 6 mg doses. Improved

sleep onset was seen only with the 6 mg dose. Next-day alertness was assessed

using the Visual Analogue Scale (VAS) for sleepiness and the Digit-Symbol

Substitution Test (DSST) and the Symbol-Copying Task (SCT) for psychomotor

function. No statistically significant differences were found among placebo and any

of the doxepin doses on the VAS, DSST, or SCT. Doxepin was well tolerated.

Reported adverse events were mild or moderate. Headaches and somnolence were

reported by >2 % of patients. The incidence of adverse events, including next-day

sedation, was similar to that of placebo. Additionally, there were no spontaneous

reports of anticholinergic side effects, which are associated with higher doxepin

doses. The second phase III trial examined safety and efficacy of 1, 3, and 6 mg

doxepin in patients age �65 (Scharf et al. 2008). Seventy-six adults with primary

insomnia were randomly assigned to receive placebo or doxepin for 2 nights; all

patients received all treatments, and each treatment was followed by an 8-h PSG.

Patients taking any doxepin dose achieved objective and subjective improvement in

sleep duration and sleep maintenance, which lasted into the final hours of the night.

WTDS (primary study endpoint), WASO, TST, and overall SE improved at all

doxepin doses compared with placebo, and WTAS and SE at hours 7 and

8 improved at doxepin doses of 3 and 6 mg compared with placebo. These findings

suggest that doxepin, 3 and 6 mg, can help older insomnia patients with early

morning awakenings. In this study, no statistically significant differences were

found among placebo and any doxepin doses on VAS, DSST, or SCT or next-day

residual sedation. The incidence of side effects was low and similar to that of

placebo. Adverse events were mild or moderate; 1 incident of chest pain was

reported, but it was determined not to be of cardiac origin and not related to

study drug. There were no spontaneous reports of anticholinergic side effects

associated with higher doses of doxepin. There were no reports of memory impair-

ment (Scharf et al. 2008).
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4.4 Tolerability

Clinical studies that evaluated the safety of doxepin lasted up to 3 months. Som-

nolence/sedation, nausea, and upper respiratory tract infection were reported by

>2 % of patients taking doxepin and were more common than in patients treated

with placebo (Silenor 2010). All reported adverse events were mild to moderate.

Doxepin appears to be better tolerated at hypnotic doses (3 and 6 mg) than at

antidepressant doses (50–300 mg/day), although direct comparative studies are not

available. Additionally, psychomotor function assessed using DSST and SCT and

next-day sedation assessed using VAS in patients receiving hypnotic doses of

doxepin (1 and 3 mg) were the same as placebo. Two studies noted small-to-modest

decreases in DSST, SCT, and VAS when doxepin, 6 mg, was administered.

Patients taking doxepin at antidepressant doses report significant anticholinergic

side effects, including sedation, confusion, urinary retention, constipation, blurred

vision, and dry mouth. Hypotension also has been reported at antidepressant doses,

and there seems to be a dose-dependent cardiotoxicity, with higher incidence of

adverse effects occurring at higher doses of the drug. Severe toxicity or death from

overdose is presumably less likely with hypnotic doses of doxepin than with higher

doses, although this has not been systematically explored. If an insomniac

overdosed on a 30-day supply of an hypnotic dose (3 or 6 mg), he or she would

take only 90–180 mg of doxepin, which would be unlikely to cause severe toxicity

or death (Goforth 2009; Stahl 2008; Roth et al. 2007). Symptoms of withdrawal and

rebound insomnia—an increase in WASO compared with baseline after

discontinuing the medication—were assessed in a 35-day double-blind study of

adults with chronic insomnia (Silenor 2010). There was no evidence of withdrawal

syndrome as measured by Tyler’s Symptom Checklist after doxepin 3 and 6 mg was

discontinued. Discontinuation period-emergent nausea and vomiting was noted in

5 % of patients taking 6 mg of doxepin, but not in those taking placebo or 3 mg of

doxepin. There was no evidence of rebound insomnia after doxepin 3 and 6 mg was

discontinued (Silenor 2010).

4.5 Contraindications

Doxepin is contraindicated in patients with hypersensitivity to doxepin hydrochlo-

ride, with severe urinary retention, with narrow angle glaucoma, and who have used

monoamine oxidase inhibitors (MAOIs) within the previous 2 weeks. Serious

adverse effects, including hypertensive crisis and death, have been reported with

coadministration of MAOIs and certain drugs, such as serotonergic antidepressants

and some opioids derivatives. There are no reports of concomitant use of doxepin

with MAOIs (Silenor 2010).
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4.6 Dosing

In adults, the recommended hypnotic dose for doxepin is 6 mg taken 30 min before

bedtime. For patient’s age �65, the recommended starting hypnotic dose is 3 mg

30 min before bedtime, which can be increased to 6 mg if indicated (Silenor 2010).
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Lorediplon: A New GABAA Modulator Drug

for Treatment of Insomnia

Fabiana d’ Aniello, Benjamin Santos, and Antonio Guglietta

Abstract Drugs acting on the GABAA receptor such as the so-called Z-drugs

Zolpidem, Zaleplon, and Eszopiclone are widely used in the treatment of insomnia.

Despite their efficacy and good safety profile however, none of these drugs repre-

sent the perfect solution to the treatment of this disorder. Therefore, there is still

room for improvement of this class of drugs and for addressing still unmet clinical

needs. Lorediplon is a new promising drug acting on the GABAA receptor currently

under clinical evaluation which selectively binds to the α1 subunit of the GABAA

receptor. In animals, Lorediplon showed potent sedative effects and much less

potent activity on inhibition of muscular tone. No development of tolerance was

shown to the sedative effect of Lorediplon after 5 days continuous daily treatment.

Preclinical in vivo studies also demonstrated that Lorediplon at hypnotic dose has a

low risk of development of amnesia, next-day hangover effects, or development of

physical dependence. The pharmacological activity and pharmacokinetic profile of

Lorediplon were evaluated in three clinical studies. After oral administration, the

molecule is absorbed quickly with a dose-related linear profile and Tmax around 2 h.

In a phase advance model of insomnia in healthy human volunteers, Lorediplon,

compared to Zolpidem, showed a longer lasting maintenance of sleep. The sleep

induced by Lorediplon was rated by the subjects participating in the study as of

improved quality while EEG recording in mice demonstrated that Lorediplon-

induced sleep is less fragmented and more physiological than that induced by

Zolpidem. Lorediplon also shows an excellent safety profile with a comparable to

Zolpidem number of adverse events reported in clinical studies. Therefore,

Lorediplon has the potential to become the best-in-class GABAA acting hypnotic

and a major player in the treatment of insomnia and related disorders.
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1 Introduction

Sleep disorders are a group of medical conditions characterized by abnormality of

normal sleep which includes approx. a hundred different disorders ranging from

difficult falling and staying asleep to excessive daytime sleepiness to alterations of

sleep patterns to unusual behavior during sleep (see chapter “Classification of Sleep

Disorders”).

Insomnia is a very common medical condition characterized by difficult to fall

and/or maintain sleep. It affects people worldwide and, although its prevalence

increases with age, it can occur in all age groups. Insomnia can be transient or

chronic or primary or secondary to other medical conditions and can have serious

daytime consequences such as fatigue, difficulty in concentrating, memory impair-

ment, irritability, anxiety, and depression (Wafford and Eber 2008; Taylor

et al. 2003). All this can lead to problems such as low productivity, increased risk

of automobile and industrial accidents, and suicide (Schenck et al. 2003). Patients

with insomnia also have an increased incidence of medical and psychiatric prob-

lems and reduced quality of life (Roth 2005).

The social and economic impact of insomnia can be enormous and it has been

estimated that its total cost including treatment, lost productivity, and insomnia-

related accidents may exceed 100 billion USD per year in the United States alone

(Fullerton 2006).

2 The Role of GABA Receptors in Sleep

Two major classes of GABA receptors are known: the GABAA receptor which

belongs to the class of ionotropic receptors and whose activation results in regula-

tion of ion flow through the cell membrane and the GABAB receptor which belongs

to the family of metabotropic receptors and is coupled to G-protein (Perfilova and

Tiurenkov 2010; Benarroch 2012; Sharman et al. 2013; Bormann 2000; Olsen and

Sieghart 2008). A key role in the regulation of sleep is played by the GABAA

receptors and chemical agents that modulate the activity of this receptor have been

developed for the treatment of sleep disorders and insomnia (Gottesmann 2002).

The ionotropic GABAA receptor is part of the family of ligand-gated ion

channels known as the Cys loop receptors. Members of the same family include

the nicotinic acetylcholine receptors, glycine receptors, and 5-HT3A receptors (Nys

et al. 2013). Structurally the GABAA receptor is a transmembrane protein made of

five protein subunits arranged around a central channel permeable to Cl� through

which the ions can enter the cell. In humans, the five proteins of the receptor are

made of several different protein subunits which can be divided into several classes

some of which can be further divided into subclasses giving origin to a total of at

least 19 possible combinations (Table 1). Despite all possible combinations, by far,

the five subunits of GABAA receptors are most commonly made of two copies of
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the α1, two copies of the β2, and one copy of γ2 subunit (α1β2γ2) with the α2β3γ2 and
the α3βnγ2 receptors also highly prevalent (Table 1) (Whiting 2003; Nutt 2006;

Möhler et al. 2002; Möjler 2007).

The main endogenous ligand for the GABAA receptor is the γ-aminobutyric acid

although other endogenous ligands such as neurosteroids and endocannabinoids

have also been shown to bind to this receptor (Sigel and Steinmann 2012; Belelli

and Lambert 2005; Siegel et al. 2011; Nutt and Sathl 2010). The γ-aminobutyric

acid binds at the receptor at two specific sites located at the α/β subunit interface

(Rudolph and Knoflach 2011; Sigel and Steinmann 2012). Activation of the

GABAA receptor by GABA leads to a change in the conformation of the proteins

of the receptor opening the Cl� channel and allowing chloride ions to enter the cell

(Sigel and Steinmann 2012).

The GABAA receptor modulation is associated with several biological effects

such as sedation, myorelaxation, sleep, anxiety, epilepsy, and memory (Rudolph

et al. 1999). The exact contribution of the different subunits to specific biologic

effects is far from being completely understood. The majority of studies have

focused on the role of the α subunit of the GABAA receptor. Existing data, based

mainly on absence of a specific benzodiazepine-induced effect in mice lacking a

specific subunit, suggest that the α1 subunit is associated with sedation, convul-

sions, and memory, the α2 with anxiety, electroencephalogram (EEG) changes, and

sleep/wake rhythms, the α3 with anxiety, sleep, and depression, and the α5 subunit
with sleep, learning, and memory (Nutt 2006; Nutt and Sathl 2010; Sigel and

Steinmann 2012) (Table 2). The α1, α2, α3, and α5 are the subunits most involved

in regulation of sleep, mood, and cognition (Nutt and Sathl 2010).

Table 1 Protein subunits of the GABAA receptor present in humans

Subunits

Subunits

Subdivision Most frequent arrangement

α α1, α2, α3, α4, α5, α6, α1β2γ2
(60 %)β β1, β2, β3

γ γ1, γ2, γ3 α2β3γ2
(15–20 %)δ

ε α3βnγ2
(10–15 %)γ

ρ ρ1, ρ2, ρ3
Whole brain. Numbers in parentheses represent the estimated percentages of the most frequent

subunits. The homopentameric ρ receptor has also been referred as the GABAC receptor (Bormann

2000; Perfilova and Tiurenkov 2011)
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3 Hypnotic Drugs Acting on the GABAA Receptor

Several drugs also target the GABAA receptor and bind and/or modulate its action

to elicit a biological response. The binding of benzodiazepines to the GABAA

receptor is well known. The classical binding site for benzodiazepines is different

from the GABA-binding site and it is located at the α/γ subunit interface of the

receptor (Sigel and Steinmann 2012). In addition to this site, a new binding site for

benzodiazepines has recently been described which is located at the α/β interface

(Baur et al. 2012; Ramerstorfer et al. 2011). Benzodiazepines do not open the Cl�

channel of the GABAA receptor but instead increase the apparent affinity for

channel gating by GABA (Sigel and Steinmann 2012). In addition to benzodiaze-

pines, several other drugs have been shown to bind to the GABAA receptor and/or

modulate its activity. These include volatile anesthetics such as halothane, intrave-

nous anesthetics such as propofol and etomidate, barbiturates, gabapentin, and

pregabalin, among others (Whiting 2003; Sieghart et al. 2012; Vedula et al. 2009).

The GABAA receptor is involved in the regulation of sleep (Nutt and Sathl 2010)

which is mainly mediated through its α subunits. More specifically the α1 subunit,
in addition to be involved in memory, has been demonstrated to have a sedative and

anticonvulsant effect and thus to contribute to regulation of sleep (Nutt and Sathl

2010). However, this subunit does not mediate the benzodiazepine-induced changes

of EEG (Tobler et al. 2001) and therefore it seems to be involved more in sedation

than in regulation of sleep (Nutt and Sathl 2010). The α2 subunit, on the other hand,
seems to mediate the EEG activity in nonrapid eye movement, sleep, and theta

activity in rapid eye movements (Kopp et al. 2004). The α3 subtype, which has a

unique distribution in the thalamus, is also involved in the regulation of sleep

mainly through the thalamo-cortical projections (Browne et al. 2001). Finally, the

α5 subunit may have a sedative effect and thus may also contribute to regulation of

sleep (Van Rijnsoever et al. 2004; Savič et al. 2008).

3.1 Barbiturates and Benzodiazepines

The key role of the GABAA receptor in the regulation of sleep has been widely

exploited to develop hypnotic drugs. The barbiturates, introduced clinically about a

century ago, were perhaps the first pharmaceutical agents to have demonstrated a

real efficacy as hypnotics and, in particular, the short-acting and intermediate-

Table 2 Function of the α
subunits most involved in

regulation of sleep of the

GABAA receptor

Subunit Role

α1 Sedation, convulsions, memory

α2 Sleep/wake, EEG changes, anxiety

α3 Sleep, anxiety, depression

α5 Sleep, learning, memory
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acting barbiturates were largely used to treat this condition in the last century until

the introduction of the benzodiazepines in the 1960s (L�opez-Muñoz et al. 2005).

The hypnotic activity of these drugs is mainly due to modulation of the activity of

GABAA receptor to which they bind (Whiting 2003). Benzodiazepines were first

introduced as hypnotic in 1960 and largely replaced barbiturates in the treatment of

insomnia (Wick 2013). As mentioned above, benzodiazepines also act by binding

to two different sites of the GABAA receptor and by modulating its activity (Sigel

and Steinmann 2012).

3.2 Non-benzodiazepines Hypnotics

The last class of hypnotic drugs acting through the GABAA receptor are the

non-benzodiazepine hypnotics (the so-called Z-drugs) which are today the most

widely drugs used to treat insomnia and which also act by binding to specific

GABAA subunits. Currently there are four non-benzodiazepine hypnotic drugs

approved for treatment of insomnia: Zopiclone, Zolpidem, Zaleplon, and

Eszopiclone. They all have been approved in the period 1986–2004 and several

new formulations of these molecules were developed and commercialized in the

following years (Table 3). As the benzodiazepines, the Z-drugs have low activity at

α4 and α6, but on the contrary they show significant differences in their affinity and

activity for the other α units (Nutt and Sathl 2010).

Other GABAA modulators such as Indiplon underwent clinical development as

hypnotic but, for a variety of reasons, so far they all have failed to reach the market.

Despite that all the drugs that have been developed for insomnia, including those that

act on the GABAA receptor, have significantly improved the treatment of this disorder,

we are still far from having found the ideal hypnotic and all the hypnotic drugs on the

market have drawbacks that have to be taken into account when using them.

4 Lorediplon

Despite being good effective drugs, the hypnotics acting on GABAA receptor,

including the Z-drug, can still be improved in terms of both efficacy and safety.

Therefore, the idea behind the discovery and development of Lorediplon was the

Table 3 Commercialized Z-drugs

Z-drugs Common commercial names FDA approval

Zopiclone Imovane, Zimovane 1986a

Zolpidem Ambien, Stilnox 1992

Zaleplon Sonata 1999

Eszopiclone Lunesta 2004
aNot approved by the FDA but available in other countries other than USA

Lorediplon: A New GABAA Modulator Drug for Treatment of Insomnia 125



search for a better GABAA hypnotic which would induce physiologic sleep quickly

of adequate duration while displaying reduced undesirable effects.

4.1 Chemical Structure

Chemically, Lorediplon (Fig. 1) is a pyrazolopyrimidine and therefore belongs to

the same chemical class of the hypnotics Zaleplon and Indiplon. More specifically,

Lorediplon is chemically related to Indiplon from which it differs in the presence of

a Fluorine atom in position 2. The introduction of fluorine atom in a molecule may

change its biological activity. For instance, atorvastatin a drug used to lower blood

levels of cholesterol contains fluorine in its molecule which is essential for its

activity. The substitution of fluorine with an atom of hydrogen in the atorvastatin

structure leads to a compound that is more than 800 % less active (Roth 2002; Ruth

et al. 1990; Istvan and Deisenhofer 2001). It is believed that due to the high stability

of the carbon–fluorine bond, fluorinated compounds display a delayed metabolism

and elimination and thus different pharmacokinetics properties (Hagmann 2008).

Based on its chemical structure and biological data, Lorediplon was found to fulfill

all the criteria for patentability and a composition of matter patent has already been

granted in some countries while being under review in others.

4.2 Preclinical Pharmacology

4.2.1 Binding to GABAA Subunits

The affinity of Lorediplon to the α1 (α1-enriched cortex tissue of the rat brain) and

α2 (α2-enriched tissue of the rat GABA-A receptor) to GABA-A subunits was

evaluated in vitro and compared to that of other Z-drugs. Lorediplon preferentially

binds with high affinity to the α1 subunit of the GABAA receptor and with much

lower affinity to the α2 subunit. The Ki for the α1 and α2 subunit is 2.1 nM and

20 nM, respectively, giving a ratio α2/α1 of 9.6 (Table 4). Therefore, Lorediplon can

Fig. 1 Chemical structure

of Lorediplon
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be classified as highly selective for the α1 subunit of the GABAA receptor. The

affinity of Lorediplon for the α1 subunit of the GABA receptor was the highest

among the commercialized Z-drugs tested (Table 4). On the other hand, Lorediplon

did not show any significant binding activity to a variety of other receptors

representing the major drug target classes (data not shown). The in vitro potency

as well as the efficacy of Lorediplon was studied in an assay measuring the function

of the most common GABAA receptor subtypes (namely, α1β2γ2, α2β2/3γ2, α3β2/3γ2,
α5β2γ2) expressed in Xenopus laevis. The results showed that Lorediplon is a potent
positive allosteric modulator of Cl� currents mediated by the GABAA

sub-receptors studied and a fourfold potency selectivity for α1β2γ2 receptors over
other subtypes was observed (Table 4). With respect to efficacy, Lorediplon is a

partial allosteric modulator relative to diazepam at all receptor subtypes. Similar

efficacy was observed at α1, α2, and α3 containing receptor, while lower efficacy

was observed at α5 receptor (Table 4).

4.2.2 Sedation

As mentioned, the α1 subunit of the GABAA receptor plays a key role in sedation.

Therefore, the high affinity of Lorediplon for this subunit should translate into a

sedative effect in vivo. The effect on Lorediplon on sedation was evaluated in mice

by measuring the inhibition of the spontaneous locomotor activity (SMA) in the

open field after oral administration. A single administration of Lorediplon induced a

potent sedative effect superior to that of Zolpidem and Zaleplon (interval 5–60 min

Table 4 In vitro pharmacology of Lorediplon and related compounds

GABAA receptor subunit affinity (Ki nM)a

α1 α2
Lorediplon 2.1 20.0

Zaleplon 182.6 1,571.3

Zolpidem 38.2 656.9

Zopiclone 82.3 49.4

Potency and efficacy on most common GABAA receptor subtypesb

Potency (EC50 nM) Efficacy (%)

α1β2γ2 8 64

α2β2/3γ2 23 62

α3β2/3γ2 31 73

α5β2γ2 36 44
aEnriched cortex tissue of rat brain
bGABAA receptor subtypes express in Xenopus laevis oocytes. Full concentration response pro-

files were determined at a GABA concentration giving rise to 5–20 % of the maximal GABA-

evoked response for the GABA receptor subtypes studied which would serve as control. 0.5 μM
diazepam which would elicit> 90 % of maximal response was used as reference. Potentiation was

normalized to the reference diazepam potentiation in the same oocyte
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after dosing) (Fig. 2). The effect of Lorediplon was already evident in the 5–30 min

interval and was maintained throughout the total record time. Contrary to Zaleplon

and similarly to Zolpidem, no tolerance to this effect was observed after 5 days of

repeated administration of Lorediplon (interval 5–60 min after dosing) (Fig. 2).

4.2.3 Inhibition of Muscular Tone

It is known that many sedative compounds also induce inhibition of muscular tone

which, in the case of hypnotics, is an undesirable effect since it may cause

dangerous falls in patients (Gunja 2013; Kolla et al. 2013). Therefore, the activity

of Lorediplon after oral administration on muscular tone was evaluated by means of

Fig. 2 Effect on inhibition of spontaneous motor activity in mice. Single (upper panel) or 5-day
repeated (lower panel) oral administration. Group size 8–10 mice per treatment group.

SMA¼ Spontaneous Motor Activity (traveled distance) calculated in the 5–60 min interval.

ED50 calculated vs. the corresponding time-matched weekly control group
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the grip strength test in mice 15 min after administration of the test compound.

Results showed that the doses required to inhibit the muscular tone are much higher

(ED50 8.04 mg/kg) (Table 5) than those needed to induce sedation (ED50 0.16 mg/

kg) (Table 4), suggesting that falls due to inhibition of muscular tone are not likely

to occur in patients receiving Lorediplon at hypnotic doses. Similarly to what

observed for sedation, no tolerance was observed on inhibition of muscular tone

after 5 days daily administration of the compound (Table 5).

4.2.4 Amnesic Effects

The amnesic potential of Lorediplon compared to that of Zolpidem and Zaleplon

after oral administration in mice was evaluated by the two-way active avoidance

paradigm. Animals received different doses of the drugs for 5 consecutive days and

then were subjected to 100-trial active avoidance sessions in a shuttle box apparatus

where the animals were trained to avoid a shock with the presentation of a

conditions stimulus (light). The number of conditioned responses where the animal

avoided the unconditional stimulus was recorded and expressed as the ratio of

avoidance (conditioned changes/total changes) (Stienen et al. 2009). The Minimal

Effective Dose (MED) that induced statistically significant impairment of avoid-

ance was 10 mg/kg, 0.1 mg/kg, and 30 mg/kg for Lorediplon, Zaleplon, and

Table 5 Effect of Lorediplon and related compounds on muscular tone, amnesia interaction with

ethanol, and next-day hangover

Muscular tonea

Day 1 (ED50 mg/kg) Day 5 (ED50 mg/kg)

Lorediplon 8.04 3.2

Amnesic effectsb

MED (mg/kg) Amnesic liability index

Lorediplon 10.0 62.5

Zaleplon 0.10 0.03

Zolpidem 30.0 14.02

Interaction with ethanolc

MED-30 min (mg/kg) ETOH liability index

Lorediplon 1.00 0.16

Next-day hangover liabilityd

MED-24 h (mg/kg) Hangover liability index

Lorediplon >90 <0.001

All tests conducted in mice (8–12 animals per treatment group) after oral administration of the test

compounds. MED¼Minimal Effective Dose. Amnesic Liability Index¼MED (mg/kg)/Sponta-

neous Motor Activity (SMA) ED50 (mg/kg). Hangover Liability Index¼MED(mg/kg)/SMA ED50

(mg/kg). SMA values taken from Fig. 2
aGrip strength test
bTwo-way active avoidance paradigm test
cLoss of the righting reflex test (30 min)
dLoss of the righting reflex test (24 h)
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Zolpidem, respectively (Table 5). The Amnesia Liability Index, calculated by

dividing the MED value for each compound obtained in this test by their ED50

obtained in the SMA test (Fig. 2), gave values of 62.5, 0.03, and 14.02 for

Lorediplon, Zaleplon, and Zolpidem, respectively. Therefore of all the compounds

tested, Lorediplon shows the widest margin between the doses required to induce

sedation and those that cause amnesia (Table 5).

4.2.5 Ethanol Interaction and Next-Day Hangover Effects

The interaction between a hypnotic and ethanol is widely used as an indicator of

possible next-day hangover effects of hypnotic drugs. In the case of Lorediplon, this

interaction was evaluated by the loss of the righting reflex test in mice 30 min or

24 h after oral compound administration. The measured variables were the latency

time (sleep onset latency) and narcosis time (sleep duration). No statistically

significant differences were observed on sleep latency whereas narcosis time was

dose dependently increased by Lorediplon. The MED that significantly increased

the EtOH-induced narcosis after oral administration of Lorediplon was 1.0 mg/kg

and >90.0 mg/kg at 30 min and 24 h post-oral drug administration, respectively

(Table 5). The Lorediplon EtOH Liability Index and the Next-Day Hangover

Liability Index, calculated by dividing the ED50 obtained in the SMA test (Fig. 2)

by the MED value obtained in this test, were 0.16 and< 0.001, respectively,

suggesting that Lorediplon is unlikely to show interaction with EtOH and/or next-

day hangover effect.

4.2.6 Physical Dependence

The potential of Lorediplon to induce physical dependence was evaluated in NMRI

mice that were treated orally twice a day for 4 consecutive days with vehicle, 3 mg/

kg triazolam, or different doses of Lorediplon. Approximately 18 h after the last

administration, all treatment groups received FG-7142 (40 mg/kg ip), a

proconvulsant benzodiazepine receptor inverse agonist, and were individually

placed in separate observation cages. The presence of Straub tail and tonic/clonic

seizures in each animal was recorded for 60 min after FG-7142 administration.

The results showed that, under these experimental conditions, Lorediplon at dose

up to 4.0 mg/kg, did not induce any sign of physical dependence (Table 6).

4.2.7 Electroencephalogram in Mice

The effect on EEG of Lorediplon as compared to Zolpidem was studied in mice.

Animals were implanted with four cortical electrodes and three muscle electrodes

to record the EEG and electromyogram (EMG) and to monitor sleep–wake cycle.

EEG and EMG were recorded during lights-off (7:00 p.m.) continuously for 12 h.
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The animals received different oral doses of Lorediplon (0.13, 0.40, and 1.2 mg/kg)

or Zolpidem (2.0, 6.0, and 12.0 mg/kg) selected based on their inhibitory effect on

locomotor activity assessed by open field test (Stienen et al. 2009).

Both Lorediplon and Zolpidem induced sleep and had significant effects on

several sleep parameters (Figs. 3 and 4).

Lorediplon induced a decrease in sleep latency and wake (W) and an increase of

slow-wave sleep (SWS), paradoxical sleep (PS), and total sleep (TS). All these

effects were already noted at doses of 0.13 and 0.4 mg/kg and became statistically

significant at a dose of 1.2 mg/kg. Increase of SWS was due to both increase of

episode number and duration while increase of PS was mainly due to an increase of

episode number. The effects on SWS, PS, and W induced by Lorediplon were

maintained during the 6–9 h recording session. Contrary to other hypnotics

(Gottesmann et al. 1998; Landolt et al. 2000) and Zolpidem (Anaclet et al. 2012),

Lorediplon did not change the SWS/W power ratio and had a very well-balanced

ratio PS/SWS and preserved the quality of SWS, all this indicating a good quality of

sleep closer to that of physiological sleep (Anaclet et al. 2012).

Overall Lorediplon and Zolpidem had similar effects; however, several differ-

ences between the two compounds were noted:

– Potency: Lorediplon was more potent (about 10 fold) than Zolpidem and similar

effects were noted with doses of 1.2 mg/kg of Lorediplon and 12 mg/kg of

Zolpidem. This higher potency could be explained by the higher affinity of

Lorediplon compared to Zolpidem for the α1 subunit of GABAA.

– Sleep fragmentation: The sleep induced by Lorediplon was characterized by

smaller number of wake or SWS episodes compared to Zolpidem and the SWS

episodes lasted longer than those induced by Zolpidem. All this suggests that the

sleep induced by Lorediplon is less fragmented than that induced by Zolpidem,

and since insomnia is also characterized by sleep fragmentation, this would be a

desirable effect in the treatment of this condition (Sateia and Nowell 2004).

– Middle-of-the-night awakenings: Although Zolpidem induces sleep quickly, it is

known that patients wake up frequently in the middle of the night and then have

difficulties falling asleep again (Wallace 2005; Edinger and Means 2005). This

Table 6 Effect of Lorediplon on physical dependence

Physical dependence

Treatment Straub tail (%) Seizures (%)

Vehicle (negative control) 0 0

Triazolam 3 mg/kg (positive control) 100* 50*

Lorediplon 1.3 mg/kg 20 10

Lorediplon 4.0 mg/kg 10 0

Lorediplon 7.0 mg/kg 40* 10

Lorediplon 13.0 mg/kg 50* 30

Percentage of animals which shows Straub tail and seizures after precipitated withdrawal using

FG-7142 (40 mg/kg ip). Lorediplon was administered orally twice a day for 4 consecutive days.

8–10 animals/group. *p� 0.05 vs. vehicle
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effect was also seen in mice after Zolpidem or Lorediplon administration;

however, it was markedly less prominent after Lorediplon administration

(Anaclet et al. 2012).

– Quality of sleep: Zolpidem decreased the cortical EEG power ratio between

SWS andW. Lorediplon on the other hand did not change this ratio and no major

changes of cortical EEG power slow activity during SWS were detected

(Anaclet et al. 2012). This data indicated that the sleep induced by Lorediplon,

contrary to that of Zolpidem, is of physiological quality.

Fig. 3 Polygraphic recording in mice after oral administration of vehicle or Lorediplon.

EEG¼Electroencephalogram; EMG¼Electromyogram; PS¼ Paradoxical Sleep; W¼Wake

(Reproduced with permission from Anaclet et al. 2012)
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4.3 Pharmacokinetics

The pharmacokinetic profile of a hypnotic is very important for the treatment of

insomnia since, among other things, it allows to predict which parameters of sleep,

such as sleep induction or sleep duration, are likely to be affected by a given drug. A

rapid absorption of a hypnotic is essential for a fast action as needed for example for

patients with difficulties falling asleep while an adequate time occupancy of the

receptor by the parent compound or its active metabolites as well as their elimina-

tion from the body will determine the maintenance of sleep and the presence of

next-day effects (Table 7).

The pharmacokinetic profile of Lorediplon was evaluated in several animal

studies and in two clinical trials.

In mice, Lorediplon is readily and quickly absorbed after single oral adminis-

tration across a wide range of doses. The plasma exposure is proportional to the

dose in the 0.5–200 mg/kg range. Less proportionality is observed in the 200–

1,000 mg/kg dose range while doses higher than 1,000 mg/kg do not induce any

further increase of systemic exposure. The mean bioavailability observed was

58.2 %. The maximal brain concentration was observed at 1 h after single oral

administration and 24 h post-dose levels were below limit of quantification.

The pharmacokinetics of Lorediplon was also evaluated in two human studies.

In the first study subjects received a single oral dose of Lorediplon ranging from

1 to 40 mg, while in the second study, oral doses up to 25 mg were administered

daily for 7 consecutive days. Both studies demonstrated that Lorediplon is rapidly

absorbed from the gastrointestinal tract and reaches maximum plasma

Fig. 4 Effect of oral administration of Lorediplon and Zolpidem on the cumulative amount of the

sleep–wake state in mice. Compounds were administered just before lights-off at 7:00 p.m. Results

are expressed as the mean cumulative time (mean� SEM) spent in each behavioral state.

W¼Wake; SWS¼ Slow Wave Sleep; PS¼ Paradoxical Sleep. *p< 0.05; **p< 0.01, Mann–

Whitney nonparametric test, n¼ 9) [Reproduced with permission from Anaclet et al. (2012)]
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concentrations at approximately 2 h. Following repeated daily dosing, pre-dose

concentrations remained virtually constant indicating that steady state was rapidly

reached. The median accumulation ratio (AUC0-t day 7/AUC0-t day 1) ranged

from 0.90 to 1.28 across dose group indicating that no significant accumulation

occurred. Plasma concentrations declined in a biphasic fashion with a clinical half-

life of approx 4–6 h (Santos et al. 2010, 2012) (Table 8; Fig. 5).

In mice, the volume of distribution is 2.04 L/kg while plasma protein binding is

in the middle range with values of 82.8 % for human, 81.9 % for mouse, and 77.8 %

for dog. Lorediplon is mainly metabolized through CYP3A4 and four major

metabolites (monohydroxy Lorediplon, N-desmethyl Lorediplon, N-desacetyl
Lorediplon, and N-desmethyl and N-desacetyl Lorediplon) were identified across

a range of species. Lorediplon is highly unlikely to cause induction or inhibition of

P450 system.

4.4 Activity in a Model of Insomnia in Humans

The activity of various sleep parameters of Lorediplon vs. Zolpidem was evaluated

in a phase advance model of transient insomnia in healthy volunteers where sub-

jects went to sleep several hours before their usual sleep time. This model produces

a transient insomnia where subjects wake up in the middle of the night and is

associated with alterations of several sleep parameters (Svetnik et al. 2010; Krystal

et al. 2010). This model of insomnia, of which several variations based on how

many hours before their normal sleep time subjects go to sleep exist, has been used

extensively in the evaluation of hypnotics (Walsh et al. 1990, 2007; Svetnik

et al. 2010).

Thirty-four Caucasian healthy male volunteers with normal polysomnography

(PSG) and not placebo responders (WASO< 45 min) participated in a single-dose,

randomized, double dummy, placebo, and positive controlled 5-way crossover

study. Transient insomnia was induced by sending subjects to sleep 5 h before

their usual sleep time. On day 1 subjects went to bed at their usual sleep time (11 p.

m.) and slept for about 8 h (habituation night). On awakening, they filled out a post-

sleep questionnaire and their degree of sleepiness/alertness was assessed by means

of the psychomotor vigilance test (PVT), digit span test (DST), and visual analogue

scale (VAS). At approximately 5:30 p.m., subjects received different oral doses of

Lorediplon and 30 min later the phase advance regimen started. Lorediplon was

Table 7 Pharmacokinetic parameters and hypnotic activity

Parameter Important for Desirable effect

Tmax Absorption Short Tmax: Short sleep latency

T1/2 Receptor occupancy T1/2> 3 h: adequate sleep duration

T1/2 Clearance T1/2< 7 h: lack of next-day effects

Reproduced and adapted with permission from Nutt and Sathl (2010)
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tested at 1, 5, or 10 mg, while Zolpidem was used as positive control and tested at a

dose of 10 mg. PSG recording started around 6 p.m. and continued for 8 h until 2 a.

m. At 7:00 a.m. on the morning of day 2 subjects repeated the post-sleep question-

naire and the PVT, DST, and VAS tests.

As expected, the phase advance model produced sleep disruption as evidenced

by a WASO of 125.01 min in the placebo treatment group. The effects of

Lorediplon and Zolpidem on the sleep parameters evaluated are reported on Table 9

and are summarized below:

1. Induction of Sleep

Sleep onset. In this model of insomnia, subjects who received Lorediplon or

Zolpidem did not show any significant change of sleep onset latency at any of the

Table 8 Pharmacokinetic of Lorediplon in humans

Single ascending oral administration

1 mg 2 mg 5 mg 10 mg 20 mg 25 mg 30 mg 40 mg

Tmax (h) 1.67

(0.67–
2.33)

1.33

(1.00–
4.95)

1.83

(1.00–
4.00)

2.84

(2.00–
3.00)

2.33

(1.00–
3.50)

2.67

(1.67–
4.00)

2.17

(1.67–
3.50)

2.84

(2.00–
6.00)

Cmax (ng/mL) 2.09

(37)
3.14

(32)
6.06

(52)
13.9

(30)
23.9

(34)
34.7

(61)
41.6

(41)
43.9

(49)

AUC0�t

(h*ng/mL)

10.55

(55)
17.59

(64)
40.56

(74)
118.63

(32)
198.71

(42)
294.75

(65)
378.33

(40)
484.59

(61)

Terminal half-

life (h)

2.80

(18)
3.69

(50)
7.27

(55)
14.42

(68)
17.76

(43)
15.84

(38)
11.12

(36)
17.54

(66)

Cmax half-life

(h)a
4.32

(22)
4.29

(29)
4.41

(23)
5.03

(12)
4.35

(35)
4.69

(16)
6.67

(75)
6.54

(24)

Multiple ascending oral administration

5 mg 10 mg 15 mg 25 mg

Day 1 Day 7 Day 1 Day 7 Day 1 Day 7 Day 1 Day 7

Tmax (h) 1.73

(0.98–
3.98)

1.75

(0.97–
3.52)

2.73

(1.0–
3.5)

3.47

(0.67–
3.5)

1.99

(1.0–
3.5)

1.52

(1.03–
3.48)

3.51

(0.67–
4.0)

2.5

(0.67–
4.0)

Cmax (ng/mL) 6.23

(67)
7.08

(57)
13.9

(26)
16

(32)
16.1

(53)
15.4

(49)
27.7

(55)
21.5

(39)

AUC0–24 h

(h*ng/mL)

38.2

(72)
52.6

(81)
98.2

(48)
101

(52)
94.7

(51)
96.2

(42)
173

(59)
150

(61)

Terminal half-

life (h)

10.3

(32)
10.1

(35)
9.95

(30)
9.72

(74)

Cmax half-life

(h)

3.25

(31)
3.57

(25)
3.17

(36)
2.63

(43)
3.15

(41)
3.76

(30)
2.61

(43)
3.50

(36)

Tmax values representmedian (min–max). All other values are the geometric mean (% Coefficient
of variation). Cmax half-life¼Clinical half-life (i.e., time it takes for Cmax to reduce by 50 %);

AUC0�t¼Area under the curve from 0 to the last measurable point; AUC0�24¼Area under the

curve from 0 to 24 h. In the single ascending oral administration study, the apparent increase of the

terminal half-life across the dose level is most probably due to the fact that for lower doses a

significant number of samples at the time point> 12 h fell below the limit of quantification. Dose-

dependent elimination is unlikely, since the AUC increases proportionally with the dose
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doses tested (LPS, Table 9). The values of LPS observed after administration of

Lorediplon or Zolpidem were not statistically different from the values observed

in the placebo group (Table 9). This data however should be interpreted with

caution since the 5 h phase advance model of insomnia may not be the best

model to detect an effect on sleep onset latency for which other models such as

2–3 h phase advance model, first-night effect, and nap models are more appro-

priate. As a matter of fact, although in this study Zolpidem did not significantly

change the LPS compared to the placebo group, it has been shown to reduce this

parameter in other studies (Greenblatt and Roth 2012).

2. Maintenance of Sleep

Wakefulness After Sleep Onset (WASO). Lorediplon dose dependently

reversed the effect on WASO induced by the 5-h phase advance model. The

effect reached statistical significance at a dose of 5 mg and peaked at a dose of

10 mg (Table 9 and Fig. 6). Zolpidem at the dose tested (10 mg) produced a

similar effect although to a lesser degree than the same dose of Lorediplon

(Table 9). Interestingly, when the effect on WASO was evaluated by quarters of

the night, it was observed that the reduction of WASO induced by Lorediplon

reached a peak during the 3rd quarter of the night, was sustained through the first

three-quarters, and then returned to baseline in the fourth quarter (Fig. 7).

Zolpidem 10 mg, on the other hand, showed a reduction of WASO mainly in

the first two quarters (Fig. 7). Both in the second and particularly in the third

quarter, the reduction of WASO induced by Lorediplon 10 mg was greater than

the one induced by Zolpidem 10 mg (Fig. 7).

Fig. 5 Pharmacokinetic profile of Lorediplon in humans. Double-blind, placebo-controlled stud-

ies. Parallel groups. Sixty-four (single oral administration) or 32 (repeated oral administration)

subjects divided into groups of 8 subjects. In each group 6 subjects received Lorediplon while

2 received placebo
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Fig. 6 Effect of Lorediplon on WASO in humans (phase advance model of insomnia). Drug was

administered orally. Values represent Mean� SEM (minutes). *p< 0.01 compared to placebo

Fig. 7 Wake after sleep onset per 2 hourly quarters of the night (5-h phase advance model of

insomnia). Thirty-four healthy human volunteers participated in the study. Values represent

min� SEM. *p< 0.05; **p< 0.01. Baseline data not represented in the graph [Reproduced and

adapted from Horoszok et al. (2014)]
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This behavior of zolpidem might explain why this drug produces so many

middle-of-the-night awakening. The effect of Lorediplon seems to be longer

lasting suggesting therefore that middle-of-the-night awakening should not be

observed with this drug. Also, it should be noted that, after treatment with

Lorediplon, the WASO returned to baseline in the 4th quarter of the night

(Fig. 7). Since at this stage, the blood level of Lorediplon would be expected

to have returned to baseline, this data might suggest that treatment with this drug

is not likely to be associated with any next-day effects.

Number of awakenings (W). Lorediplon also dose dependently reduced the

number of awakening which was statistically significant at a dose of 10 mg. The

reduction of number of awakenings induced by Zolpidem 10 mg on the other

hand was not statistically significant (Table 9).

3. Overall Sleep

Total Sleep Time (TST) and Sleep Efficiency Index (SEI). An increase of TST

and SEI was observed with all doses of Lorediplon. These changes were

statistically significant at 5 and 10 mg dose. Zolpidem also significantly

increased TST and SEI although to a lesser degree than Lorediplon (Table 9).

The promoting effects on sleep observed with Lorediplon are mainly due to an

increase of Nonrapid Eye Movement (NREM). On the other hand, Rapid Eye

Movement (REM) sleep was not affected by Lorediplon (all doses) or Zolpidem

10 mg (Table 9).

4. Post-Sleep Questionaire

A Post-Sleep Questionnaire (PSQ) was given to the subjects when they woke

up the next morning. Except for sleep onset, all the other parameters were

subjectively felt improved by the subjects after administration of Lorediplon

10 mg (Table 10). Although Zolpidem 10 mg was also felt to improve total sleep

time and WASO, no significant effect was reported on number of awakenings,

sleep onset, and sleep quality.

5. Next-Day Effects

The presence of next-day residual drug effect was evaluated by specific tests

(Digit forward score, Digit backward score, PVT, VAS) given to subjects after

they woke up the day after drug administration. No statistically significant next-

day residual effects were detected for Lorediplon (all doses) or Zolpidem 10 mg

(data not shown).

4.5 Safety

In all clinical studies conducted so far, Lorediplon has shown an excellent safety

profile in terms of both physical symptoms and signs and clinical laboratory testing.

Under the conditions of the studies, the Maximum Tolerated Dose after single oral

administration was considered to be 25 mg. The number of possible or probably

drug-related adverse events detected in subjects exposed to Lorediplon is reported

in Table 11 by dose and clinical study. Overall the number of adverse events
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reported was small and dose and study design related. No serious adverse event was

reported in any of the study and none of the adverse events detected lead to

discontinuation of the study. The most frequent adverse event detected was som-

nolence whose intensity and duration increased with dose level. However, consid-

ering that Lorediplon is a hypnotic drug, somnolence could be expected.

4.6 Positioning and Advantages Compared to Other
Hypnotics

The preclinical and clinical data on the use of Lorediplon in insomnia indicate that

this molecule has a good hypnotic activity and safety profile and has several

advantages over existing treatments that makes it an attractive potential new drug

for treatment of insomnia.

First of all, Lorediplon belongs to a class of compounds the GABAA modulators

whose pharmacology and safety are well known. Hypnotics that act by modulating

the activity of this receptor have been around for quite some time and at least three

generations of GABAA modulating compounds have been used as hypnotic with

each new generation improving the profile of the previous one. As a matter of fact,

the last generation of GABAA modulating compounds the so-called Z-drugs is

Table 11 Possible or

probably related adverse

events after administration of

Lorediplon or Zolpidem in

humans

Dose

SAD MAD PAMI

(n¼ 48) (n¼ 24) (n¼ 35)

1 mg 4 (3) – 0 (0)

2 mg 1 (1) – –

5 mg 2 (2) 2 (1) 1 (1)

10 mg 2 (2) 18 (3) 0 (0)

15 mg – 18 (4) –

20 mg 2 (2) – –

25 mg 5 (4) 32 (5) –

30 mg 17 (5) – –

40 mg 10 (5) – –

Placebo 7 (6) 6 (1) 0 (0)

Zolpidem 10 mg – – 1 (1)

Number of subjects exposed to placebo was 16 in the SAD study,

8 in MAD study, and 35 in the PAMI study. The number of

subjected exposed to Zolpidem 10 mg was 35 in the PAMI

study. Numbers represent the total number of possible or proba-

bly related adverse events by study and dose. Numbers in paren-

theses represent the number of subjects having experienced at

least one possible or probably related adverse event by study and

dose. SAD¼ Single Ascending Dose study; MAD¼Multiple

Ascending Dose study; PAMI¼ Phase Advance Model of Insom-

nia study
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today the most prescribed hypnotics. All this indicates that the medical community

feels comfortable with this class of drugs and the introduction of a new molecule of

the same pharmacologic class such as Lorediplon that improves the profile of the

other members of the same class should be well received by both patients and

prescribers.

Both preclinical and clinical data available indicate that Lorediplon has several

advantages over Zolpidem the most prescribed drug for treatment of insomnia

today. First of all, clinical studies have shown that the sleep induced by Lorediplon

is of longer duration than that induced by Zolpidem while, at the same time, the two

drugs have similar effects on sleep onset. Furthermore, all the indicators of sleep

maintenance such as WASO, Total Sleep Time, Sleep Efficiency Index, and

number of awakenings are significantly modified by Lorediplon to a greater extent

than Zolpidem. Perhaps in this regard the most striking and convincing data is the

effect of Lorediplon and Zolpidem on 2-h intervals WASO which clearly shows

that, while the hypnotic effect of Zolpidem starts to decline after the second quarter,

the effect induced by Lorediplon is maintained during the 3rd quarter and then,

similarly to what observed with Zolpidem, returns to baseline at the end of the 4th

quarter. This indicates that one of the most annoying effects observed in several

patients after administration with Zolpidem (i.e., middle-of-the-night awakenings)

is not likely to occur after administration of Lorediplon.

The objective beneficial effects of Lorediplon on sleep in humans were corrob-

orated by the subjective perception of subjects treated with Lorediplon. Very

importantly and contrary to what was reported after administration of Zolpidem

10 mg, subjects treated with 10 mg Lorediplon significantly rated their sleep as of

better quality. This perception of improved sleep quality goes along with the EEG

data collected in mice which indicates that the sleep induced by Lorediplon is more

physiological than that induced by Zolpidem.

In order to better characterize the profile of a new hypnotic, the effects on

muscular tone, memory, interaction with ethanol, next-day hangover effects, and

development of physical dependence should also be evaluated. Promising results on

the effect of Lorediplon on memory and next-day hangover effects were obtained in

animals and confirmed clinically in the phase advance model of insomnia in

humans. In addition, encouraging results on the effect of Lorediplon on inhibition

of muscular tone, interaction with ethanol, and potential to induce physical depen-

dence were obtained in animals, but so far they lack clinical confirmation. Although

the overall picture on the effect of Lorediplon on this group of effect is encouraging,

in order to draw more robust conclusions, these parameters should be evaluated in

specifically designed clinical studies.

Conclusions

All the data collected so far on the pharmacology and safety profile of

Lorediplon indicate that this molecule has several important advantages

(continued)
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over other members of the same pharmacologic class and therefore has the

potential to become the best in class drug for the treatment of insomnia.

Lorediplon could therefore become part of a selected group of drugs available

to the physician for the treatment of insomnia.

References

Anaclet C, Zhang M, Zhao C et al (2012) Effects of GF-015535-00, a novel α1 GABAA receptor

ligand, on the sleep-wake cycle in mice with reference to Zolpidem. Sleep 35:103–111
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dummy, placebo and positive-controlled, five-way cross-over study to assess the pharmaco-

dynamic effects of lorediplon in a phase advance model of insomnia in healthy Caucasian adult

male subjects. Hum Psychopharmacol Clin Exp 29:266–273

Istvan ES, Deisenhofer J (2001) Structural mechanism for statin inhibition of HMG-CoA reduc-

tase. Science 292:1160–1164

Kolla BP, Lovely JK, Mansukhani MP et al (2013) Zolpidem is independently associated with

increased risk of inpatients falls. J Hosp Med 8:1–6
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Zolpidem Sublingual Formulations

Luc Staner

Abstract The present chapter discusses the pharmacology, efficacy, and safety of

two recently developed sublingual formulation of zolpidem that specifically target

sleep-onset insomnia (Edluar, a standard dose of zolpidem, SL-SD) and middle-of-

the-night (MOTN) insomnia (Intermezzo, a low dose of zolpidem, SL-LD). These

two SL formulations are bioequivalent to the standard immediate oral release (IOR)

form of zolpidem and have a comparable elimination half-life but a somewhat

shorter Tmax than the standard oral form. Due to a gender effect on zolpidem

metabolism, half-doses are recommended in women (i.e., 5 mg for SL-SD and

1.75 mg for SL-LD). Efficacy has been shown for SL-SD in three double-dummy

crossover polysomnographic studies that could demonstrate the superiority of the

acute administration of 10 mg SL-SD zolpidem over the same dose of IOR

zolpidem in healthy subjects using models of transient insomnia and in patients

with DSM-IV primary insomnia. Both 1.75 and 3.5 mg of SL-LD zolpidem have

been found effective in 2 large placebo-controlled studies performed in DSM-IV

primary insomniacs having middle-of-the-night insomnia. Most common adverse

events were somnolence, fatigue, headache, and dysgeusia for SL-SD zolpidem and

headache, nausea, and fatigue for SL-LD zolpidem. More generally types of

adverse events for SL zolpidem were consistent with the adverse event profile of

IOR zolpidem. Because of its middle-of-the-night way of administration, concern

regarding the next-morning safety of the SL-LD was addressed in a highway

driving performance study. Results indicate that SL-LD zolpidem 3.5 mg taken

3 h before driving may impair driving performance, but that there is a minimal risk

of impairing driving performance if the drug is taken� 4 h before driving. SL-SD

zolpidem has been approved for the short-term treatment of sleep-onset insomnia at

a dose of 10 mg in non-elderly man and at the dose of 5 mg in women or in special

population including elderly patients. SL-LD zolpidem has been approved for the

treatment of insomnia when MOTN awakening is followed by difficulty in

returning to sleep. Recommended dosages are 3.75 mg for non-elderly man and

1.75 mg in women and in special population including elderly. It has to be stressed
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that, due to safety issue related to next-morning residual effects, the dose should be

taken following MOTN awakenings only if the patient has at least 4 h of sleep

remaining.

1 Introduction

Insomnia is essentially characterized by a complaint of sleep dissatisfaction either

in terms of duration or quality associated with difficulties to initiate or maintain

sleep. General population studies indicate that these symptoms are extremely

prevalent in adults [from 10 % to nearly 60 % according to the different ways

insomnia is defined and assessed (Ohayon 2002)]. However, to be considered as a

disorder, the sleep disturbance needs to be sustained and long lasting [for instance,

at least three times a week for at least 3 months in the DSM-V classification system

(American Psychiatric Association 2013)] and has to impact the daytime function-

ing. Prevalence is about 6–10 % when such criteria are used to define insomnia

(American Psychiatric Association 2013), with higher rate in women and older

adults particularly in those with chronic medical or psychiatric conditions. About

20 % of patients with insomnia estimate that their disorder seriously impacts their

life (Staner et al. 2012). Indeed, poor sleep has been associated with emotional

distress and recurrent health problem (Edinger et al. 2000). A prospective study

showed that poor sleepers were less effective in their work, less likely to receive

promotion, and more likely to be demoted and discharged (Johnson and Spinweber

1983). This is not surprising since, in non-insomniac subjects, a sleep loss of even

1–2 h a night might impair next-day alertness, concentration, attention, memory,

mood, and pain threshold (Staner et al. 2012).

Effective treatments for insomnia include both pharmacological and

non-pharmacological approaches. The use of non-pharmacological treatment such

as sleep hygiene measures, cognitive therapies, relaxation, or sleep restriction is

limited by lack of trained providers, understanding of the treatment method, and

cost/third party reimbursement (Perlis et al. 2003). Indeed most patients initiate

treatments with various nonprescription therapies of unknown risk and benefit such

as OTC sedating antihistamines, herbal remedies, dietary supplements, or even rely

on alcohol to relieve their sleep difficulties. Effective pharmacological treatment

for insomnia should normalize sleep patterns without affecting daytime function-

ing. First generation hypnotics (such as barbiturates, carbamate, chloral hydrate,

methaqualone) and long-acting benzodiazepines were effective in inducing sleep

but put patients at risk for next-day residual effects and, for some of them, with

additional risks of liver toxicity, dependence, and fatal overdose. The last 20 years

have seen the development of safer hypnotic drugs with a better risk/benefit profile,

such as cyclopyrrolones (zopiclone, eszopiclone), imidazopyridines (zolpidem),

pyrazolopyrimidines (zaleplon, indiplon, lorediplon), melatonin receptor agonists
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(ramelteon, tasimelteon), orexin antagonists (suvorexant), and low-dose sedative

antidepressant drugs (doxepin).

It has to be kept in mind that although sleep initiation and sleep maintenance

disturbances most frequently coexist in patients with insomnia disorder, some

individuals may complain specifically of either sleep-onset difficulties or of

prolonged awakening after sleep onset. Although current diagnostic classification

systems such as DSM-V or ICSD offer no operationalized diagnostic criteria for

these two insomnia subtypes, the DSM-V still provides for illustrative purpose,

quantitative criteria to define sleep initiation, and sleep maintenance difficulties. On

this basis, initial (or sleep-onset) insomnia may be considered when sleep latencies

are recurrently greater than 20–30 min despite appropriate bedtime hours/sleep

habits and middle (or middle-of-the-night) insomnia when patients regularly expe-

rience wake times after sleep onset greater than 20–30 min despite adequate sleep

conditions.

During these last years, interest in the development of hypnotics that could

specifically target these forms of insomnia was growing. A “quick and short”

mode of action was favored with transmucosal delivery formulations that disinte-

grate in the sublingual cavity allowing the drug to be rapidly absorbed and quickly

available in the brain by bypassing the first-liver metabolization. With regard to the

“short” side of the mode of action, hypnotic drugs such as zolpidem and zaleplon

were used due to their short half-life. There are currently two FDA-approved

sublingual forms of zolpidem, a standard dose (SL-SD) for the short-term treatment

of sleep-onset insomnia (Edluar 5 and 10 mg by Meda Pharmaceuticals) and a low

dose (SL-LD) for as-needed treatment of middle-of-the-night (MOTN) insomnia

(Intermezzo 1.75 and 3.75 mg by Transcept Pharmaceuticals). This chapter dis-

cusses the pharmacology, the efficacy, and the safety of these two sublingual

formulations in the treatment of these forms of insomnia.

2 Pharmacology

Zolpidem, a non-benzodiazepine hypnotic acting at GABAa launched in the eight-

ies in France, rapidly became one of the most widely used drugs to treat insomnia,

because of its favorable efficacy/balance profile compared to classical benzodiaz-

epines. Due to a short half-life and a selective α1GABAa receptor profile, the drug
is a powerful sleep initiation agent with a lower incidence of side effects than

benzodiazepines. A complete review of the mechanism of action of zolpidem can

be found elsewhere (Staner et al. 2010a).

Sublingual formulations of zolpidem are designed to disintegrate in the sublin-

gual cavity and to be rapidly absorbed after administration. The two zolpidem

sublingual formulations (SL-SD and SL-LD) are bioequivalent to the standard

immediate oral release (IOR) form of zolpidem (Ambien) (Edluar 2009; Intermezzo

2011). Tmax is somewhat shorter for the sublingual forms, the peak concentration

of zolpidem occurring at a mean time of 96 min for IOR zolpidem 10 mg, whereas a
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median Tmax of 82 min (range: 30–180 min) was found for SL-SD zolpidem 10 mg

and a mean Tmax range of 35–75 min for SL-LD zolpidem 3.75 mg. Elimination

half-life is comparable between the three formulations [IOR zolpidem 10 mg:

2.53 h (range 1.4–3.8), SL-SD zolpidem 10 mg : 2.65 h (range 1.75–3.77) SL-LD

zolpidem 3.75 mg: 2.5 h (range 1.4–3.6)]. As expected IOR zolpidem 10 mg has

higher AUC and Cmax values than SL-LD zolpidem 3.75 mg (AUC: 589 ng.hr/mL

for IOR zolpidem versus 295 ng.hr/mL in women and 197 ng.hr/mL in men for

SL-LD zolpidem; Cmax: 121 ng/mL for IOR zolpidem versus 75 ng/mL in women,

and 53 ng/mL in men for SL-LD zolpidem) (Edluar 2009; Intermezzo 2011;

Swainston Harrison and Keating 2005).

The oral bioavailability of the drug is estimated at 65–70 % but food delays its

absorption. It has been shown that food decreases AUC by 15 %, Cmax by 25 %,

increases Tmax by 50 %, and does not influence half-life (Swainston Harrison and

Keating 2005). Food induced lower bioavailabilities are also observed with sublin-

gual forms, a finding that could relate to the effect of a meal on salivary pH and its

consequence on zolpidem sublingual absorption. Thus, food decreases AUC by

20 % and 19 %, Cmax by 31 % and 42 %, and prolongs Tmax by 28 % and 54 % for

Edluar and Intermezzo, respectively (Edluar 2009; Intermezzo 2011). Accordingly,

sublingual zolpidem should not be administered with or immediately after a meal.

Zolpidem does not accumulate in the body after repeated administration due to

its short half-life. There is a negligible direct excretion of the drug since about 90–

95 % of zolpidem is bound to plasma proteins and its clearance is mainly a

metabolic one. Cytochrome P450 extensively metabolizes the drug in three main

inactive metabolites and only traces of the unchanged compound can be found in

urine. The CYP3A4 is the principal isoform responsible for zolpidem metabolism,

accounting for about 60 % of net cytochrome-mediated hepatic clearance. Conse-

quently, drugs inducing CYP3A4 such as rifampicine decrease zolpidem AUC,

Cmax, and half-life while the converse is observed with CYP3A4 inhibitors such as

itraconazole. Detailed review of significant drug interactions can be found else-

where (Hesse et al. 2003). Oral zolpidem dosage adjustment recommendations for

special populations also apply to sublingual forms of the drug. Thus, initial dose

should be adjusted to 5 mg for SL-SD zolpidem and 1.75 mg for SL-LD zolpidem in

the elderly, in debilitated patients, or in patients with concomitant CNS depressant

or with hepatic impairment.

The finding of a gender effect on SL-LD zolpidem metabolism (Greenblatt

et al. 2013) (see Table 1 showing that plasma AUC and Cmax parameters are

approximately 45 % higher in women than men) has led to the reanalysis of data

Table 1 Mean� SD of gender specific pharmacokinetic parameter of low dose sublingual

zolpidem (Intermezzo) (Intermezzo® 2011)

Zolpidem 1.75 mg Zolpidem 3.5 mg

Women (n¼ 11) Men (n¼ 13) Women (n¼ 11) Men (n¼ 13)

AUC (ng h/mL) 151.36� 61.54 104.73� 35.04 295.6� 105.66 197.69� 72.43

Cmax (ng/mL) 37.47� 11.1 27.68� 7.5 77.13� 23.71 53.15� 14.29
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from studies of standard oral zolpidem products. Results showed that 8 h after

taking a single dose of 10 mg of IOR zolpidem, 15 % of women and 3 % of men still

had blood zolpidem levels above the threshold of 50 ng per milliliter known to

impair driving performance. It has been suggested that low plasma concentrations

of free testosterone may contribute to lower CYP3A activity since exposure to

testosterone induced CYP3A-mediated biotransformation (Farkas et al. 2013).

These findings led the FDA to reconsider the recommended dose of zolpidem for

women that has been reduced from 10 to 5 mg for immediate-release products such

as IOR zolpidem and SL-SD zolpidem, and from 12.5 to 6.25 mg for controlled-

release products (e.g., Ambien CR) (FDA Drug Safety Communication 2013). The

recommended doses of SL-LD zolpidem did not change as the label already

recommended the lower dosage (1.75 mg) for women.

3 Efficacy

The sleep-promoting effect of zolpidem has been demonstrated in healthy “good

sleepers” and in elderly and non-elderly patients with chronic primary or second-

ary/comorbid insomnia. Zolpidem has been found to improve objective and sub-

jective sleep initiation and maintenance parameters such as sleep-onset latency

(SOL), latency to persistent sleep (LPS), wake after sleep onset (WASO), total

sleep time (TST), and sleep efficiency (SE). Subjective sleep quality is generally

improved but the effects on sleep architecture parameters are less consistent, with

some placebo-controlled studies showing increases of stage 2 sleep or decreases of

rapid eye movement (REM) sleep, others not. Extensive reviews of these efficacy

studies of IOR or CR zolpidem have been published elsewhere (Staner et al. 2010a;

Monti et al. 2008) and this section focuses on studies performed with the two

sublingual formulations of zolpidem.

3.1 Sublingual Standard Dose of Zolpidem (Edluar)

Two sleep laboratory studies investigated the efficacy of two doses of SL-SD

zolpidem (5 and 10 mg), a sublingual tablet designed to provide a more rapid relief

of sleep initiation difficulties than IOR zolpidem in patients suffering from insom-

nia. These two double-dummy crossover trials were devoid of placebo arm since

the main objective was to demonstrate the superiority of SL-SD zolpidem over IOR

zolpidem in terms of sleep initiation parameters (i.e., SOL and LPS). The first study

(Staner et al. 2009) was performed in healthy subjects (17 women and 4 men aged

26.7 � 5.3 years) using a post-nap model of transient insomnia during which

subjects had to perform a daytime nap in order to disrupt subsequent nighttime

sleep. Subjects were recorded during 2 consecutive nights and on the day between

during a 2-h nap. Treatment (either SL-SD zolpidem 5 mg, SL-SD zolpidem 10 mg,
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or IOR zolpidem 10 mg) was randomly administered before the second recording

night to subjects demonstrating at least 30 min of sleep during the nap recording.

Results showed that SL-SD zolpidem 10 mg significantly improved SOL (5.81 min,

p< 0.05) and LPS (6.11 min, p< 0.05) compared to IOR zolpidem 10 mg

(an improvement around 30 %). There was no difference in SOL and LPS between

SL-SD zolpidem 5 mg and IOR zolpidem 10 mg. Sleep maintenance parameters

(i.e., WASO, TST, and SE), sleep architecture parameters, and subjective sleep

ratings were not significantly different among the three treatments.

The second efficacy study (Staner et al. 2010b) which compared SL-SD

zolpidem 10 mg to IOR zolpidem 10 mg was performed in DSM-IV primary

insomniacs (37 males aged 35.7 � 11 years and 42 females aged 45.5 �
9.5 years) that were recruited in 8 centers after a careful 2-night screening proce-

dure aimed at excluding patients with sleep apnea, periodic leg movement, and

including those with a mean LPS greater than 30 min. Other polysomnographic

entry criteria were evidence on both nights of no LPS lower than 20 min, a TST

lower than 6.5 h, and a WASO of at least 30 min. Results were comparable to those

observed in the post-nap study with a 30 % improvement of SOL (8.63 min,

p< 0.01) and LPS (10.28 min, p< 0.001) with SL-SD zolpidem 10 mg compared

to IOR zolpidem 10 mg. Moreover, SL-SD zolpidem increases SE by 1.56 %

( p< 0.05), compared to IOR zolpidem. Other sleep continuity parameters (TST

and WASO) and subjective sleep were comparable between the sublingual and oral

formulations (Fig. 1).
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Fig. 1 Effects of immediate oral release of zolpidem 10 mg (IOR Zol 10), sublingual standard

dose of zolpidem 5 mg (SLSD Zol 5) and 10 mg (SLSD Zol 10) on mean sleep EEG initiation

parameters (in min), latency to persistent sleep (LPS), latency to stage 2 (ST2-L), and latency to

stage 1 (ST1-L) in the post-nap (PN) study (Staner et al. 2009) and the primary insomnia (PI) study

(Staner et al. 2010b)
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These results were corroborated in another laboratory study (Valente et al. 2013)

with healthy volunteers (n¼ 58) that used a model of transient insomnia (sleep

anticipation in 120 min). Compared to IOR zolpidem 10 mg, both SL-SD zolpidem

5 and SL-SD zolpidem 10 mg improved SOL and LPS. However, only the 10 mg

SL-SD dose being superior to IOR zolpidem in terms of subjective sleep latency.

On the whole the three studies agree with the idea that the sublingual form of

zolpidem a more potent sleep inducer than the IOR formulation but is comparable

in terms of sleep maintenance.

3.2 Sublingual Low Dose of Zolpidem (Intermezzo)

SL-LD zolpidem was developed to target MOTN insomnia and is currently the

single FDA-approved hypnotic to treat this highly prevalent condition. Indeed,

about one-third of the general population reported awakenings after sleep onset at

least 3 nights per week [i.e., 35 % of 8.937 U.S. residents included in a telephone

survey (Ohayon et al. 2010)]. About half of them (i.e., 15 % of the sample) had also

difficulty resuming sleep and about a third of them (11 % of the total sample) had

both difficulty resuming sleep after awakening and associated daytime impairment

(Ohayon et al. 2010). SL-LD zolpidem clearly differs from many widely used

hypnotics currently approved by the FDA for sleep onset. It also differs from

those approved for nocturnal awakenings and/or prolonged wake time after noc-

turnal awakenings. Indeed these hypnotics are designed to be taken at bedtime in

order to prevent possible sleep disruption while SL-LD zolpidem is approved for

as-needed MOTN use after nocturnal awakening.

Two placebo-controlled studies investigating the efficacy of SL-LD zolpidem

3.5 and 1.75 mg are found in the literature. The first one is a 3-way crossover study

conducted in 5 US sleep laboratories using a randomized, double-blind, placebo-

controlled design that evaluated the efficacy and the safety of two doses of SL-LD

zolpidem (1.75 and 3.5 mg) when taken during a scheduled MOTN awakening.

Patients were included on basis of a DSM-IV primary insomnia diagnosis and a

4-week history of prolonged MOTN awakenings (i.e., at least 3 nights per week

with a mean latency to fall back to sleep of more than 30 min post-awakening). The

studied sample comprised of 58 females and 24 males with a mean age of

45.9 years. Treatment was dispended within 5 min after the scheduled MOTN

awakening, 4 h after the initial lights out, and outcomes refer to the second 4 h

polysomnographic recording. Results show that, compared to placebo, both doses

of SL-LD zolpidem significantly decrease LPS and improve TST after the sched-

uled MOTN awakening (Fig. 2). Subjective sleep-onset latency and subjective TST

were also improved with both doses (Roth et al. 2008a).

The second study (Roth et al. 2013) was performed in a sample of 295 -

non-elderly outpatients (median age 43.1 years, 68.1 % females) with primary

insomnia, a history of at least 3 months of MOTN awakenings occurring 3 or

more times a week, and an average TST of less than 6.5 h. To qualify for
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randomization, evidences of at least 3 MOTN awakenings/week of at least 30 min

with one of them lasting more than 60 min have to be documented during a 2-week

placebo run in period. Patients were then randomized 1:1 to as-needed MOTN

dosing with SL-LD zolpidem 3.5 mg or placebo for 28 nights. Across the 4-week

period, significantly shorter SOL was reported in patients in the active treatment

arm (38.2 min versus 56.4 min, p< 0.001). A significant improvement of TST after

MOTN with as-needed SL-LD zolpidem 3.5 mg was only observed during the two

first study weeks ( p< 0.05), a finding that has to be considered in the light of lower

baseline TST values in the placebo group ( p< 0.05) and non-treatment specific

effects (i.e., those related to protocol requirement consistent with good sleep

hygiene practices). Interestingly, patients randomized to SL-LD zolpidem took

the drug during the night on 62 % of study nights and did not experience an increase

in drug utilization over the 4-week treatment period or rebound insomnia during

nights they did not take study drug.

4 Safety

The most common adverse events (>1 % of treated patients) reported in the

published trial were somnolence, fatigue, headache, and dysgeusia for SL-SD

zolpidem (Staner et al. 2009, 2010b) and headache, nausea, and fatigue for

SL-LD zolpidem (Roth et al. 2008a, 2013). More generally types of adverse events
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Fig. 2 Mean of main sleep EEG parameters (LPS latency to persistent sleep, TST total sleep time)
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MOTN administration of either 1.75 mg SL-LD Zolpidem, 3.5 mg SL-LD Zolpidem, or placebo in

the sleep laboratory study (Roth et al. 2008a)

154 L. Staner



for sublingual zolpidem were consistent with the adverse event profile of oral

zolpidem. Long-term safety profile for sublingual zolpidem is currently not avail-

able; for instance, it is not known whether the two sublingual zolpidem formula-

tions have a different abuse and dependence potential profile than the oral

formulation [zolpidem is classified as a Schedule IV controlled substance by federal

regulation because of its abuse and dependence potential, especially in patients with

previous history of substance abuse and/or concomitant psychiatric illness (Staner

et al. 2010a)].

For SL-SD zolpidem 5 and 10 mg, next-day residual effects in terms of vigi-

lance, psychomotor performance as assessed by the critical flicker frequency test

and the choice reaction time test (CRT), and attention and concentration as assessed

by the digit symbol substitution test (DSST) did not differ from IOR zolpidem

10 mg (Staner et al. 2009, 2010b). Residual effects of SL-SD zolpidem were first

estimated on the basis of a daytime pharmacokinetic–pharmacodynamic study

performed in healthy subjects (n¼ 24, range 21–44 years of age). This crossover

randomized double-blind study investigated the effects of SL-SD zolpidem (1, 1.75,

and 3.5 mg) against placebo administered at 8 am. Results show that psychomotor

performance and attention measured by the CRT, the DSST, and the symbol copy

test are impaired from 20 min post-dose up to 4 h post-dose with the 3.5 mg dose for

certain parameters (Roth et al. 2008b). Because of its middle-of-the-night way of

administration, these results led to some concern regarding the next-morning safety

of the SL-LD zolpidem 3.5 mg.

In the pivotal laboratory study (Roth et al. 2008a) no statistical differences were

observed in the active treatment (i.e., SL-LD zolpidem 1.75 and 3.5 mg) condition

compared to placebo condition in terms of DSST and subjective sleepiness both

assessed about 4.5 h post-dose. In the repeated-dose outpatients study (Roth

et al. 2013), participants were instructed to take their treatment (SL-LD zolpidem

3.5 mg or placebo) if they have at least 4 h of time remaining in bed and to report

their daytime sleepiness/alertness every morning whether or not study medication

was taken during the night. Results showed that sleepiness/alertness significantly

( p< 0.01) improved compared with placebo at every time point after nights during

which study medication was taken. On non-dosing nights, no statistically signifi-

cant differences were noted between drug and placebo for morning sleepiness/

alertness.

Finally, a highway driving performance study (Vermeeren et al. 2014) investi-

gated the effect of a single dose of SL-LD zolpidem 3.5 mg administered in the

MOTN at 3 and 4 h before driving in 40 healthy volunteers (50 % females). Results

indicate that SL-LD zolpidem 3.5 mg taken 3 h before driving may impair driving

performance, but that there is a minimal risk of impairing driving performance if

the drug is taken� 4 h before driving. No gender differences were observed.
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Conclusion

SL-SD zolpidem is a sublingual formulation of zolpidem that improves the

onset of sleep compared to the classical oral formulation of zolpidem. The

drug has been approved for the short-term treatment of sleep-onset insomnia

at a dose of 10 mg in non-elderly man and at the dose of 5 mg in women or in

special population (elderly, debilitated patients, patients with concomitant

CNS depressant, or with hepatic impairment). Since the sublingual formula-

tion is more potent than the oral formulation with the effect of SL-SD

zolpidem 5 mg being similar to those of IOR zolpidem 10 mg, a substitution

from the oral 10 mg form to the sublingual 5 mg form would lower drug

exposure and possibly improve the safety/efficacy balance. Studies are how-

ever needed to test this hypothesis.

SL-LD zolpidem improves the onset of sleep compared to placebo and it is

indicated for the treatment of insomnia when MOTN awakening is followed

by difficulty returning to sleep. It is an innovative treatment because, in

contrast to hypnotics currently labeled for sleep maintenance insomnia, the

drug is prescribed on an “as-needed” basis and not prophylactically at bed-

time. Recommended dosages are 3.75 mg for non-elderly man and 1.75 mg in

women and in special population (elderly, debilitated patients, patients with

concomitant CNS depressant, or with hepatic impairment). It has to be

stressed that, due to safety issue related to next-morning residual effects,

the dose should be taken following MOTN awakenings only if the patient has

at least 4 h of sleep remaining.
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Eszopiclone: Review and Clinical

Applications in Chronic and Comorbid

Insomnia

Jadwiga S. Najib

Abstract Eszopiclone, the active S(+)-enantiomer of zopiclone [(R,S)-zopiclone],

was approved by the Food and Drug Administration (FDA) in 2004 for the treatment

of insomnia in adult patients�18 years of age, and in 2005 became the first sedative

hypnotic approved by the FDA for the long-term treatment of chronic insomnia. It is

classified by the FDA as a Schedule IV drug under the Controlled Substances Act

and is available in the United States as the brand Lunesta® in dosages of 1, 2, and

3 mg. Eszopiclone 2 and 3 mg consistently demonstrated significant improvements

of the primary variable, latency to persistent sleep, assessed subjectively or objec-

tively, in short- and long-term clinical trials. Additionally, improvements in sleep

maintenance, sleep quality, and daytime functioning have also been observed.

Eszopiclone 3 mg has been shown to improve insomnia associated with comorbid

conditions. Tolerance with eszopiclone was not apparent in any of the sleep para-

meters for up to 12 months treatment duration and rebound insomnia, where

documented, tends to be transient and limited to the first night of withdrawal.

Eszopiclone is generally well tolerated and the most frequent adverse event is

unpleasant bitter taste. Both eszopiclone and its racemic compound, zopiclone,

are nonbenzodiazepine hypnotic agents that are derivatives of the cyclopyrrolone

class, with eszopiclone exhibiting greater affinity than the R(�)-enantiomer for the

GABAA/benzodiazepine receptor complex; hence the sedative hypnotic effects of

the racemate are primarily linked to the S(+)-enantiomer rather than the R(�)-

enantiomer. The racemate zopiclone is available as 3.75, 5, and 7.5 mg tablets; the

latter contains 3.75 mg of S(+)-zopiclone, which is more than the highest dose

(3 mg) available in the United States. Eszopiclone is not marketed in the European

Union, as it was too similar to the racemate to be considered a patentable product.
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1 Pharmacology and Mechanism of Action

Eszopiclone is the S(+)-enantiomer of racemic zopiclone [(R,S-zopiclone)], and as

enantiomers both hypnotics possess the same molecular and structural formula but

have different three-dimensional configurations and are non-superimposable mirror

images of each other. Both eszopiclone and its racemic compound, zopiclone, are

non-benzodiazepine derivatives of the cyclopyrrolone class with no structural

similarity to pyrazolopyrimidines, imidazopyridines, benzodiazepines, barbitu-

rates, or other drugs with known hypnotic properties. Although eszopiclone’s
exact mechanism of action in enhancing and promoting sleep is unknown, its

effects appear to be related to its interaction with GABA receptor complexes at

binding sites located close or allosterically coupled to benzodiazepine receptors.

Eszopiclone has demonstrated balanced selectivity for the α1, α2, α3, and α5 sub-
types of the GABAA receptor (Najib 2006). This differs from other hypnotics such

as zolpidem and zaleplon, which have primary selectivity for the α1 subtype, and
from triazolam, which has selectivity for all the GABAA receptor subtypes. Seda-

tive effects from hypnotics are primarily associated with activity at the α1 receptor,
whereas anxiolytic effects are associated with activity at the α2, α3 receptors

(Sieghart 2006). The racemate zopiclone contains 50:50 mixture of enantiomeric

structures and binds with approximately equal affinity to GABAA receptors containing

different α subunits. The S(+)-enantiomer (eszopiclone) has >50-fold higher affinity

for the GABAA/benzodiazepine receptor compared to the R(�)-enantiomer, and

approximately twice that of the racemate. Hence, virtually all sedative and hypnotic

activity of the racemate is attributable to S(+)-zopiclone, while R(�)-zopiclone is

not only almost inactive but more toxic than racemic zopiclone. This is consistent with

the recommended dosage of eszopiclone being approximately 50 % lower compared

to its racemate (Greenblatt and Zammit 2012). It has been proposed that cyclo-

pyrrolones, like eszopiclone, may exhibit more selectivity for certain subunits of

the GABAA receptor than benzodiazepines, which could translate to a lower incidence

of adverse events including rebound insomnia and withdrawal effects (Monti and

Pandi-Perumal 2007).

2 Pharmacokinetics

The pharmacokinetic parameters in men and women, as well as for all races studied,

appeared similar with no significant differences noted. Both zopiclone and

eszopiclone are rapidly absorbed following administration and have similar time

to reach peak plasma concentrations (tmax) reported at 1.5–2 h vs. 1 h, respectively,

and elimination half-lives (t1/2) of 5 h vs. 6 h, respectively. Steady state levels are

attained 24–48 h after initiation of once-daily administration, and pharmacokinetic

parameters did not differ appreciably between single dose and multiple daily

dosing, indicating no accumulation of either the racemate or eszopiclone.
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Following oral administration, eszopiclone is extensively metabolized by the

cytochrome P450 (CYP) isoenzymes 3A4 and 2E1 via oxidation and demethylation

to (S)-desmethyl-zopiclone and (S)-zopiclone-N-oxide, and less than 10 % of the

drug is excreted in the urine as the parent drug. Both metabolites appear in plasma

exposure at lower levels than the parent drug, suggesting that the clinical activity of

eszopiclone is due mainly to the parent drug (Greenblatt and Zammit 2012).

Following administration of eszopiclone 3.5 mg compared to zopiclone 7.5 mg,

the active metabolite, (S)-desmethyl-zopiclone, was noted to have a t1/2 of 8.7 h

vs. 12.3 h, with lower exposure (AUC) of 48.9 ng/ml h vs. 59.3 ng/ml�1 h,

respectively. A possible explanation for the slower elimination has been the pro-

posal of a stereoselective metabolism. Minimal hypnotic effects with little cogni-

tive impairment are associated with eszopiclone levels �10 ng/ml. Therapeutic

levels are achieved well within 30 min with eszopiclone 3.5 mg and decrease to

10 ng/ml in approximately 8 h. However, following administration of zopiclone

7.5 mg, levels of S(+)-zopiclone remain below the sleep-inducing

threshold> 30 min and decrease to 10 ng/ml> 9 h after the dose (Brunello

et al. 2009), suggesting that patients who take zopiclone may be at a higher risk

for residual effects for at least 1 h longer in the morning following nighttime

administration, compared to those who take eszopiclone.

3 Clinical Efficacy and Safety

The New Drug Application (NDA) for eszopiclone contained data from a total of

24 clinical trials and over 60 preclinical studies that assessed the safety and efficacy

of eszopiclone for the treatment of insomnia in adults and elderly patients. The

24 clinical trials included 16 Phase I trials which gathered information on drug

interaction and special population studies, 2 Phase II trials which assessed next-day

residual effects in healthy subjects and in patients with chronic insomnia, and

6 Phase III trials. The primary study on which the Food and Drug Administration

(FDA) in 2005 approved eszopiclone for long-term use was a 6-month trial in adults

with primary insomnia (Krystal et al. 2003), hence making eszopiclone the only

approved sedative/hypnotic at that time without short-term restriction. Since then,

long-term use of eszopiclone has been evaluated in adult and elderly patients.

Table 1 summarizes the key study design features and outcomes of pivotal trials

evaluating the efficacy and safety of eszopiclone.

3.1 Transient Insomnia

Eszopiclone at doses 1, 2, 3, or 3.5 mg produced significant improvements over

placebo on measures of latency to persistent sleep (LPS) and sleep maintenance in

healthy subjects without sleep disturbances (Rosenberg et al. 2005). The “first-night
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effect model” dealt with insomnia encountered on the first assessment night in a

sleep laboratory, acting as a model of transient insomnia. Efficacy was assessed via

polysomnography (PSG) and a morning questionnaire. Compared to placebo, sub-

jects receiving eszopiclone, regardless of dose, had significantly less wake time

after sleep onset (WASO) and significantly greater sleep efficiency. Additionally,

subjects treated with eszopiclone at all doses, except 1 mg, had significantly lower

(better) objective LPS, and the number of awakenings (NAW) per night was

significantly decreased with the 3 mg and 3.5 mg doses. Self-reported assessments

were consistent with PSG results and included significantly less time to sleep onset,

and fewer NAW for all doses of eszopiclone. Total sleep time (TST) was signifi-

cantly greater in the 2, 3, and 3.5 mg groups compared to placebo.

3.2 Chronic Primary Insomnia in Non-elderly Patients

The efficacy of eszopiclone for the treatment of chronic primary insomnia in

non-elderly adults with no other concurrent psychiatric disorders was evaluated in

six trials (Krystal et al. 2003; Zammit et al. 2004; Roth et al. 2005; Walsh

et al. 2007; Erman et al. 2008; Uchimura et al. 2012a), with a post hoc analysis

by Krystal and colleagues (2012a) of their earlier trial. All patients met DSM-IV

criteria for primary insomnia (�6.5 h of sleep per night, sleep onset

latency� 30 min for� 1 month) and three studies also investigated rebound insom-

nia and tolerance (Zammit et al. 2004; Roth et al. 2005; Walsh et al. 2007). One

study that assessed eszopiclone in both elderly and non-elderly patients with

chronic insomnia who presented with and without comorbid psychiatric disorders

is discussed in the section with eszopiclone use in elderly patients (Uchimura

et al. 2012b).

Efficacy and safety of eszopiclone 2 and 3 mg were assessed in a double-blind

trial for 44 consecutive nights, followed by 2 nights of single-blind placebo

(Zammit et al. 2004). Patients who received eszopiclone, regardless of dose, fell

asleep approximately 50 % faster, compared to those who received placebo, as

noted by a reduction in LPS. Results from PSG findings were consistent with

patient-reported sleep endpoints. Both eszopiclone doses significantly improved

sleep efficiency, TST, sleep onset latency, sleep depth, and sleep quality compared

to placebo. Improved sleep maintenance, reported as a reduction in WASO, was

significant only for the 3 mg dose compared to placebo. No significant differences

between NAW were noted between treatment and placebo groups. Psychomotor

performance, evaluated by Digit Symbol Substitution Test (DSST) scores, approx-

imately 1–1.5 h after awakening, was similar in both eszopiclone groups compared

to placebo, and patients reported improvements in measure of daytime alertness and

ability to function. Rebound insomnia was noted on first night after eszopiclone

2 mg was discontinued (sleep efficiency was reduced by 2.5 % and WASO

increased by 7.0 min), but by the second night, both sleep efficiency and WASO

had returned back to baseline ranges. Patients who received eszopiclone 3 mg
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maintained efficacy post discontinuation of dosing on Night 46 (sleep efficiency

increased 3.7 % and WASO decreased by 8.5 min).

The first large, long-term study of nightly eszopiclone use was undertaken by

Krystal and colleagues (2003) in adults with primary insomnia carried out at

70 sites. Efficacy was assessed weekly, and by the first week and throughout the

study period, eszopiclone 3 mg relative to placebo significantly improved SL,

WASO, TST, quality of sleep, and NAW. Additionally, subjective ratings of

function, alertness, and physical well-being were more favorable with eszopiclone

compared to placebo. No evidence of tolerance was noted. Most common adverse

effects with eszopiclone compared to placebo, respectively, were unpleasant taste

(26 %, 6 %), headache (20 %, 19 %), infection (16 %, 7 %), and nausea (11 %, 6 %).

In a 6-month, open-label extension phase of the same sample, Roth and col-

leagues (2005) evaluated eszopiclone 3 mg relative to placebo in patients at weekly

intervals, thus further assessing the efficacy and safety of eszopiclone in adults with

primary insomnia for a total of 12 months of continuous nightly treatment. During

this 6-month open-label trial, eszopiclone maintained efficacy on all the sleep

parameters in patients who had received eszopiclone during the previous double-

blind trial. Additionally, patients previously treated with placebo reported improve-

ments in SL, WASO, TST, quality of sleep NAW, and number of nights with

awakenings at all monthly time points compared with their 6-month baseline. All

patients treated with eszopiclone 3 mg during this period reported improvements in

sleep and daytime functioning, without any evidence of tolerance or rebound

insomnia. Most common adverse effects with eszopiclone were unpleasant taste

(7 %), headache (4 %), somnolence (4 %), abnormal dreams (3 %), and dizziness

(2.5 %).

One long-term trial in patients with primary insomnia demonstrated that

eszopiclone 3 mg nightly treatment improved subjective SL and quality of life

(Walsh et al. 2007). Significant improvements were noted in SL, WASO, TST, and

NAW at months 1–6, and patient-reported sleep and daytime function as reported

were significantly improved for all study months. At the end of 6 months, 50 % of

subjects treated with eszopiclone reported no clinically significant insomnia,

reported on the Insomnia Severity Index (ISI) score� 7, compared to 19 %

placebo-treated subjects. Improvements also were noted with eszopiclone in the

Short-Form 36 Health Survey (SF-36) (domains: Physical Function, Vitality, and

Social Functioning), and for all domains of the Work Limitations Questionnaire

(WLQ). No significant evidence of rebound insomnia, no tolerance, and no with-

drawal CNS effects were reported. Most common adverse effects with eszopiclone

compared to placebo were unpleasant taste (20 %, 1 %), infection (17 %, 12 %), and

headache (both 15 %).

In a post hoc analysis of the 6-month study of 2003, Krystal and colleagues

(2012a) evaluated the relationship between baseline WASO severity and treatment

outcome. At baseline, the proportion of patients in the eszopiclone and placebo

groups for each WASO severity subgroups were similar and the distribution of

baseline WASO was as follows: WASO �30 min (32.2 %), WASO> 30 min to

�90 min (33.0 %), WASO >0 to �45 min (41.5 %), WASO >45 to �90 min
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(23.7 %), and WASO> 90 min (22.6 %). In all WASO subgroups combined,

treatment with eszopiclone 3 mg, compared with placebo, was associated with

significant sleep maintenance efficacy at each month for the 6-month study period.

However, greater baseline WASO severity was associated with increasingly greater

drug–placebo differences on WASO. For example, compared to placebo, patients

treated with eszopiclone 3 mg in the mild WASO subgroup (�30 min) demon-

strated a 20 % reduction from baseline in WASO, compared to patients in the more

severe WASO subgroups (>0 to�45 min and>45 to�90 min) and the most severe

WASO subgroup (>90 min), who showed a 64 % and 60 % reduction in WASO,

respectively. Likewise, the eszopiclone/placebo difference in WASO at Month 1 in

the mild WASO subgroup (�30 min) vs. severe WASO subgroup (>90 min) was

�8.8 and �41.2 min, respectively, while at Month 6, the eszopiclone/placebo

difference in those same WASO subgroups was reported as �7.4 and �20.1 min,

respectively. Higher baseline WASO severity was associated with an increase in

placebo response at both Month 1 and Month 6, although the increase was less than

that observed in the eszopiclone treatment group. Possible explanations for the

increase in response to placebo noted in this post hoc analysis may be an increased

tendency for subjective overestimation with increasing symptom severity, variation

in self-reporting styles, greater tendency for regression to the mean, lack of

objective PSG data, or other variables. Nonetheless, these findings of increased

placebo response in patients with higher baseline severity differ from other CNS

trials (e.g., migraine, anxiety, schizophrenia, and mood disorders including depres-

sion and bipolar), which consistently note lower placebo responses.

Erman et al. (2008) assessed efficacy and safety of a range of doses of

eszopiclone relative to placebo in patients with primary insomnia. Patients received

2 nights treatment each with one of four eszopiclone doses (1, 2, 2.5, or 3 mg), a

placebo, and zolpidem 10 mg, as an active control, after randomization to one of six

treatment sequences. Objective efficacy was assessed via PSG and all active

treatments were effective in reducing LPS and increasing sleep efficiency, relative

to placebo. Eszopiclone 2.5 mg and 3 mg were significantly better for improved

LPS and sleep efficiency than eszopiclone 1 mg. Additionally, objective sleep

measures of WASO, NAW, and wake time during sleep were significantly

improved with eszopiclone 3 mg, but not with other eszopiclone doses or zolpidem

10 mg. Significant differences were not noted on PSG measured outcomes between

zolpidem 10 mg and eszopiclone 2 or 3 mg; however the study was not powered to

detect differences between active treatments. Findings from this study support

earlier PSG studies noting that higher doses of eszopiclone are more effective for

sleep maintenance insomnia while the lower doses are effective for sleep onset

insomnia (Rosenberg et al. 2005; Zammit et al. 2004). In this study, treatments were

well tolerated and unpleasant taste was the only adverse event that was observed

with a higher frequency in the eszopiclone 3 mg treatment group compared to

zolpidem or placebo. Approximately twice the number of patients reported CNS

adverse events with zolpidem 10 mg compared with eszopiclone 3 mg, or placebo,

which included dizziness (10.9 %, 4.7 %, 4.8 %), somnolence (9.4 %, 4.7 %, 3.2 %),

and hallucinations (4.7 %, 0 %, 0 %) respectively.
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Uchimura and colleagues (2012a) conducted a multicenter, randomized, double-

blind, five-way crossover study in non-elderly Japanese patients with primary

insomnia. Patients received placebo, eszopiclone 1, 2, and 3 mg, or zolpidem

10 mg for two consecutive nights, with a washout period of 5 days. Zolpidem

was utilized as an active reference to allow qualitative comparisons of eszopiclone,

although quantitative comparisons of the active treatment groups were not possible.

Patients met the DSM-IV-TR criteria for primary insomnia and additionally had a

history� 4weeks duration of SL� 30 min for� 3 days/week and TST� 390 min

for� 3 days/week. Compared to placebo, all active treatments produced significant

improvements in objective and subjective LPS and TST. A linear dose–response

relationship was observed for eszopiclone, with greater efficacy obtained with

increased dose. Treatment with eszopiclone 2 mg and 3 mg and zolpidem 10 mg

significantly improved PSG assessments of WASO and NAW and subjective

patient-reported measures of WASO, NAW, sleep quality, sleep depth, and daytime

functioning compared to placebo. All treatment groups increased non-REM sleep

and stage 2 sleep, but did not alter REM or slow-wave sleep. The most common

adverse events with eszopiclone 1 mg, 2 mg, and 3 mg were dysgeusia (5.7 %,

8.7 %, 16.2 %, respectively) and somnolence (1.4 %, 4.3 %, 5.9 %, respectively).

The most common adverse events with zolpidem 10 mg were somnolence and

dizziness, reported as 4.3 % each.

3.3 Chronic Insomnia in Elderly Patients

Three studies evaluated eszopiclone in elderly patients with chronic insomnia

(Scharf et al. 2005; McCall et al. 2006; Ancoli-Israel et al. 2010), and one study

assessed eszopiclone in both elderly and non-elderly patients with chronic insomnia

who presented with and without comorbid psychiatric disorders (Uchimura

et al. 2012b). Three of the abovementioned studies also investigated rebound

insomnia and tolerance (McCall et al. 2006; Ancoli-Israel et al. 2010; Uchimura

et al. 2012b).

Two separate 2-week randomized, double-blind, placebo-controlled multicenter

trials of eszopiclone were conducted in elderly patients with chronic insomnia who

met the DSM-IV criteria for primary insomnia (Scharf et al. 2005; McCall

et al. 2006). Eszopiclone 2 mg compared to placebo significantly improved sub-

jective measures of SL, TST, and WASO in both trials. Scharf et al. (2005) noted

that eszopiclone 1 mg was effective in inducing sleep, whereas eszopiclone 2 mg

was effective at both inducing and maintaining sleep in elderly patients. McCall

et al. (2006) also noted eszopiclone 2 mg demonstrated improvements in some

quality of life measures, ISI total severity, and quality of sleep scores, along with

improved objective LPS, WASO, and sleep efficiency. Eszopiclone was well

tolerated during these short-term trials of eszopiclone use in elderly patients and

the overall incidence of adverse events was similar across all treatment groups, with
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headache, unpleasant taste, somnolence, dizziness, and dyspepsia being the most

commonly reported (�5 %) adverse events in the eszopiclone groups.

Uchimura and colleagues (2012b) evaluated short-term efficacy (4 weeks) and

long-term safety (24 weeks) of eszopiclone in elderly and non-elderly Japanese

patients with chronic insomnia who presented with and without comorbid psychi-

atric disorders. Patients were randomized to receive either low-dose (1 mg for

elderly subjects, 2 mg for non-elderly subjects) or high-dose (2 mg for elderly

subjects or 3 mg for non-elderly subjects) eszopiclone. Patients had a diagnosis of

primary insomnia as defined by DSM-IV-TR, or insomnia associated with a phys-

ical or psychiatric disorder. Additionally, patients had reported symptoms with

SL� 30 min on �3 nights/week and TST� 390 min on �3 nights /week

for� 4 weeks. Comorbid psychiatric disorders were noted in 49.4 % of elderly

patients and 49.7 % of non-elderly patients enrolled. The most common comorbid

psychiatric disorders among patients with insomnia were major depressive disor-

der, generalized anxiety disorder, dysthymic disorder, and agoraphobia. The most

common concomitant medications for patients with insomnia and comorbid psy-

chiatric disorders included psychoneurotics, anxiolytics, peptic ulcer medications,

analgesics, antihyperlipidemics, and antihypertensives. Measures of efficacy

included self-reported improvement in both SL and TST at Week 4 compared to

baseline in 88 % of elderly and 83 % of non-elderly patients, and improvements

were similar in those with and without comorbid psychiatric disorders. At Week

1, eszopiclone 1 mg and 2 mg, relative to placebo, significantly decreased SL from

60 min to 20 or 30 min in elderly patients with and without psychiatric

comorbidities, respectively, and effects were sustained through the end of the

study period assessing efficacy (Week 4). Likewise, eszopiclone 2 and 3 mg

significantly improved SL in non-elderly patients with and without psychiatric

comorbidities throughout Week 1–Week 4. Additionally, eszopiclone significantly

improved WASO, NAW, and daytime sleepiness and function from baseline to

Week 4, in both elderly and non-elderly patients, irrespective of psychiatric comor-

bidity. Improvement in scores for Mental Component Summary and Mental Health

Domain was observed in the Medical Outcomes SF-36 in elderly and non-elderly

patients with insomnia and psychiatric comorbidities.

This study notes a lack of dose discrimination between eszopiclone 1 and 2 mg

in elderly patients and between eszopiclone 2 and 3 mg in non-elderly patients,

regarding sleep efficacy assessments at Weeks 1–4. These results differ from the

previously reported US trials. The previously reported 2-week US study in elderly

patients treated with 2 mg eszopiclone noted improved SL, TST, and WASO, and

while the lower dose of 1 mg improved SL, it did not improve WASO and TST

(Scharf et al. 2005). The 6-week US study in non-elderly patients treated with

eszopiclone 2 and 3 mg noted improvements in SL and TST with both doses, but the

lower 2 mg dose did not improve WASO (Zammit et al. 2004). Likewise, in another

US study involving non-elderly patients, both eszopiclone 2 and 3 mg improved SL

but only the 3 mg dose was associated with improvement in WASO (Erman

et al. 2008). Other US trials have also noted efficacy for sleep induction and

maintenance, with eszopiclone 2 and 3 mg doses in elderly patients and
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non-elderly patients, respectively, irrespective of the presence of psychiatric

comorbidity (Ancoli-Israel et al. 2010; McCall et al. 2010; Fava et al. 2006; Pollack

et al. 2008; Walsh et al. 2007).

Overall, the rate of adverse events reported with eszopiclone 1 mg and 2 mg in

the abovementioned study (Uchimura et al. 2012b) with the elderly group was

81.5 % and 79.5 %, respectively. For elderly patients with psychiatric comorbidities

receiving eszopiclone 1 mg and 2 mg, the rate of adverse events was 79.5 % and

81.0 %, respectively, while for those without psychiatric disorders, the rates were

83.3 % and 78.0 %. In non-elderly patients, the adverse events reported with

eszopiclone 2 and 3 mg were 82.1 % and 87.0 %, respectively, and overall, no

adverse events occurred at a substantially higher rate among patients with psychi-

atric comorbidities versus those without psychiatric disorders. The most frequently

reported adverse events in elderly patients receiving eszopiclone 1 mg and 2 mg,

compared to non-elderly patients receiving eszopiclone 2 mg and 3 mg, respec-

tively, were dysgeusia (18.5 %, 27.7 % vs. 42.9 %, 57.1 %), nasopharyngitis

(17.3 %, 21.7 % vs. 26.2 %, 18.2 %), headache (4.9 %, 6.0 % vs. 3.6 %, 1.3 %),

and somnolence (4.9 %, 2.4 % vs. 3.6 %, 7.8 %). No evidence of rebound insomnia

or dependency was observed upon discontinuation of eszopiclone following

24 weeks of treatment with the hypnotic in Japanese elderly and non-elderly

patients with chronic insomnia, regardless of psychiatric comorbidity.

3.4 Studies in Long-Term Use in Elderly

The longest trial of eszopiclone in elderly patients with primary and comorbid

insomnia was a Phase IV study that included patients with stable or chronic medical

conditions (Ancoli-Israel et al. 2010). Eszopiclone improved mean TST over

placebo by a mean of 63.24 min, and additionally, eszopiclone-treated patients

compared to placebo reported a greater decrease in SL (mean decrease of 24.62 min

vs. 19.92 min) and greater decrease in WASO (mean decrease of 36.4 min

vs. 14.8 min), respectively. Improvements were noted during the first week of

treatment and were maintained for the remainder of weekly assessments throughout

the 12-week study period. Additionally, significantly greater improvements from

baseline ISI total scores were observed in subjects treated with eszopiclone and, at

week 12, the number of patients who reported “no insomnia” or “subthreshold

insomnia” was 78 % in the eszopiclone group, compared to 61.1 % in the placebo

group. Significant improvements in patients who received eszopiclone, relative to

placebo, were noted in the vitality score of the SF-36 at Week 6 and Week 12, and

in the general health scale at Week 12. Patient reports of NAW, sleep quality, and

depth of sleep noted significant improvements at all time points for those who

received eszopiclone compared to placebo.

The overall incidence of adverse events during the double-blind period for

eszopiclone and placebo was 59.3 % and 50.5 %, respectively. The most common

adverse events (�5 %) reported for eszopiclone and placebo, respectively, were
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headache (13.9 %, 12.4 %), unpleasant taste (12.4 %, 1.5 %), and nasopharyngitis

(5.7 %, 6.2 %). Adverse events in older adults observed with eszopiclone compared

to placebo, respectively, included dizziness (4.1 %, 1.5 %), falls (1.0 %, 0.5 %),

hallucinations (0.5 %, 0 %), memory impairment (1.0 %, 0 %), attention distur-

bance (0.5 %, 0 %), nervousness (1.5 %, 0 %), and anxiety (2.1 %, 1.0 %).

Following the 12-week treatment period, patients entered a 4-week follow-up

period, which included a single-blind placebo for 2 weeks to assess rebound and

withdrawal effects, followed by another 2-week evaluation where no drug or

placebo was administered. Following discontinuation of treatment, SL, TST, and

WASO all statistically significantly improved compared to baseline measures,

indicting no evidence of rebound insomnia upon discontinuation of eszopiclone.

No withdrawal symptoms were noted upon drug discontinuation, nor any evidence

of tolerance. Although objective measures were not utilized in this study, the

authors claim that in clinical practice patients with insomnia do not receive

overnight sleep recordings, and hence, when assessing the benefit of a sedative

hypnotic, clinicians rely on patient’s subjective reports of improved sleep and well-

being.

4 Use of Eszopiclone in Comorbid Insomnia

Comorbid insomnia is defined as insomnia that occurs along with another medical

or psychiatric condition. Eszopiclone has a substantial body of clinical evidence

supporting its efficacy in insomnia patients with certain comorbid disorders. Key

design features along with primary and secondary outcomes of trials utilizing

eszopiclone in patients with insomnia comorbid with other psychiatric and medical

conditions are outlined in Table 2. Additional ongoing trials are under way evalu-

ating the use of eszopiclone in the treatment of patients with comorbid conditions

such as fibromyalgia, low back pain, and attention-deficit hyperactivity disorder.

4.1 Perimenopausal and Postmenopausal Women

Two studies evaluated the effects of eszopiclone 3 mg and placebo in perimeno-

pausal and postmenopausal women who also met criteria for insomnia (Soares

et al. 2006; Joffe et al. 2010). The first trial by Soares and colleagues noted that

women who received eszopiclone compared to placebo reported significant

improvements in SL, WASO, TST, sleep quality, and next-day functioning. The

frequency or severity of hot flashes did not differ between treatment groups.

Menopause-related measures, including awakenings due to hot flashes, Greene

Climacteric Scale scores, and vasomotor and physical domain scores of the

menopause-specific QoL questionnaire (MenQoL), significantly improved at

Week 4 in patients receiving eszopiclone. Additionally, eszopiclone produced
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significant improvements in mood, assessed via the Montgomery Asberg Depres-

sion Rating Scale (MADRS), and in menopausal symptoms especially vasomotor,

psychological, and physical subscales and family life/home domains of the Sheehan

Disability Scale. Following a 1-week placebo run-out period after the 4-week

treatment, no significant differences were noted between treatments with regard

to changes from baseline in menopause symptoms. Most frequently reported

adverse effect was unpleasant taste (17.6 % vs. 0.5 %). In the second study in

peri/postmenopausal women, eszopiclone significantly reduced ISI scores by

8.7� 1.4 more points than placebo, and after 4 weeks, the ISI score was� 7 in

87 % of women on eszopiclone compared to 34 % of those on placebo (Joffe

et al. 2010). Significant improvements were noted in SL, TST, WASO, and sleep

efficiency with eszopiclone. Additionally, significant improvements with

eszopiclone compared to placebo were noted in nighttime hot flashes, depressive

symptoms (assessed via MADRS), anxiety symptoms (assessed via Beck Anxiety

Inventory), and quality of life (assessed via MenQoL). Daytime hot flashes and

functional impairment did not differ between treatment groups. Eszopiclone was

well tolerated in both trials and adverse events occurring in� 5 % of the women in

the first trial, compared to placebo, included unpleasant taste (17.6 % vs. 0.5 %),

headache (14.6 % vs. 14.9 %), and back pain (5.0 % vs. 1.9 %). The only adverse

event associated with eszopiclone occurring in � 5 % of the participants in the

second trial was metallic taste, which was reported at a rate of 25 %.

4.2 Major Depressive Disorder

The first large-scale clinical trial of adjunctive use of eszopiclone with a selective

serotonin reuptake inhibitor (SSRI) co-administered to patients who met DSM-IV

criteria for both major depressive disorder (MDD) and insomnia was assessed by

Fava and colleagues (2006), while the hypnotic discontinuation and withdrawal-

related adverse events from this study were assessed in a separate 2-week single-

blind placebo run-out phase (Krystal et al. 2007). Participants received fluoxetine

(initially 20 mg/day with dose titration to 40 mg/day) every morning for 10 weeks

and were randomized to concomitantly receive either eszopiclone 3 mg or placebo

at night for 8 weeks, followed by a 2-week, single-blind placebo run-out period.

Participants in the eszopiclone and fluoxetine group reported significant subjective

improvements in SL, WASO, TST, depth of sleep, and sleep quality. By week

8, there was a 95-min reduction in SL and 2.5-h increase in TST. Additionally,

significant increases were reported in daytime alertness, ability to function, and

ability to think clearly and concentrate, although physical sense of well-being did

not significantly improve. Reduced 17-item Hamilton Rating Scale for Depression

(HAM-D) scores at Weeks 4 and 8 were observed in the eszopiclone co-therapy

group, even after removing the three insomnia-related items. Patients who were

more severely depressed at baseline experienced the most significant changes in

depressive symptoms at Weeks 4 and 8. Significantly fewer patients receiving
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eszopiclone compared to placebo had to be titrated to the higher dose of fluoxetine

at Week 4, noting an antidepressant effect. Improved CGI-I and CGI-S scores were

noted at all time points. Patients who received eszopiclone compared to placebo had

significantly more responders (patients with �50 % reduction in HAM-D, 59 %

vs. 48 %) and remitters (patients with HAM-D �7, 42 % vs. 33 %) at Week

8. Treatment with eszopiclone was well tolerated and the most prevalent adverse

events observed in patients treated with eszopiclone compared to placebo were

unpleasant taste (22.7 % vs. 0.7 %), headache (16.7 % vs. 14.6 %), nausea (13.0 %

vs. 12.8 %), dry mouth (9.3 % vs. 8.8 %), somnolence (8.6 % vs. 7.3 %), and

dizziness (8.5 % vs. 3.3 %) (Fava et al. 2006). The incidence rates of CNS and

potentially CNS-related adverse events were similar between eszopiclone/fluoxe-

tine (9.8 %) and placebo/fluoxetine (8.8 %) treatment groups. There was no

evidence of withdrawal, rebound depression or rebound insomnia. Following dis-

continuation with eszopiclone, patients maintained improvements in SL, WASO,

and TST during the 2-week placebo run-out phase. Likewise, improvements in

CGI-I and HAM-D scores noted at Week 8 were maintained at Week 10, and

significantly higher depression response and remission rates were noted in the

co-therapy group at Week 10 (Krystal et al. 2007).

The first clinical trial to evaluate eszopiclone’s effect on objective measures of

sleep in insomniac patients with major depressive disorder by assessing the health-

related quality of life (HRQOL) was undertaken by McCall and colleagues (2010).

A 1-week open-label trial with fluoxetine, followed by 8 weeks of fluoxetine

combined with either eszopiclone 3 mg or placebo nightly, was administered to

depressed insomniac outpatients, mostly female (67 %), with either SL> 30 min

and sleep efficiency< 85 %� 4 nights/week, or Research Diagnostic Criteria

insomnia criteria� 4nights/week. At baseline, patients had ISI total scores that

reflected moderate severity of insomnia, moderate to severe depression as assessed

via Patient Health Questionnaire (PHQ9) Total scores and 24-item HAM-D, and

“poor” baseline Quality of Life Enjoyment and Satisfaction Questionnaire

(Q-LES-Q) scores. The primary outcome as measured by the Behavior Symptom

and Identification Scale (Basis-32), a self-reported measure to assess mental health

treatment outcomes, assessed the subscales of Daily Living and Role Functioning

(DLRF) and Relationship to Self and Others (RSO), which at baseline both domains

were in the “moderate difficulty” range. At the end of treatment, patients who

received eszopiclone had significantly better DLRF scores compared to those who

received placebo. Women had lower (better) scores than men for DLRF, RSO, and

Q-LES-Q with an effect size of 0.62, 0.44, and 0.38 respectively, indicating a

moderate effect for DLRF and RSO, and a small effect for Q-LES-Q. Self-reported

sleep as assessed via sleep diaries also noted significant benefits with eszopiclone

over placebo in SL, NAW, and TST. Significant effects favoring eszopiclone for

CGI-severity, CGI-Improvement, ISI-total score, ISI-Improvement, and HAM-D

were noted. Additionally, PSG comparing treatment groups at end of treatment

noted significant improvements in WASO, TST, and sleep efficiency with

eszopiclone. The fact that patient-reported improvement in sleep was accompanied

by PSG improvements is noteworthy as many depressed patients will note
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improvement in sleep even though it may not correlate with PSG improvement. The

findings that eszopiclone improved overall depression symptoms as reflected in

HAM-D total score and percent responders are consistent with the previously

reported study by Fava and colleagues (2006).

McCall and McCall (2012) did a post hoc analysis of this 2010 study and

examined changes in sleep parameters in the laboratory and home before and

after laboratory monitoring in depressed insomniacs. Mean actigraphy values

demonstrated significantly improved sleep time and sleep efficiency and decreased

wake time in the laboratory compared to home setting. Differences between

actigraphy and PSG were not significant. Sleep diaries, however, noted a slight

worsening of sleep in the laboratory compared to home environment, with signif-

icantly more NAW in laboratory compared to the week at home before and after the

laboratory night. The differences between objective and subjective sleep measure-

ments seen in depressed insomniacs may be influenced by where the monitoring is

taking place and how it is measured. Although many individuals may sleep worse

during their first night in a sleep laboratory (first-night effect), this study noted that

actigraphic sleep was better in the laboratory than at home (reverse first-night

effect). Although actigraphic monitoring is controversial in some populations,

including insomniacs, it is considered a valid method to characterize sleep patterns

in insomnia by the American Academy of Sleep Medicine. Discrepancies between

objective and subjective methods emphasize the importance of using multiple

methods for assessing sleep continuity in patients with a diagnosis of sleep

disorders.

4.3 Generalized Anxiety Disorder

The efficacy of eszopiclone administered with escitalopram was evaluated in

patients with insomnia and comorbid generalized anxiety disorder (GAD) who

were randomized to receive escitalopram 10 mg plus eszopiclone 3 mg or placebo

for 8 weeks, followed by a 2-week single-blind placebo run-out period (Pollack

et al. 2008). Those who received eszopiclone with the SSRI had significantly

greater improvements in the Hamilton Anxiety Scale (HAM-A) scores at each

week and through Weeks 4 through 10 with the insomnia item removed. Patients

receiving eszopiclone and escitalopram also reported significant improvement in

SL, TST, WASO, NAW, daytime alertness, ability to function, and ability to

concentrate and had no clinically meaningful insomnia (ISI� 7) at week 8 com-

pared to those who received placebo. CGI-I scores at each week significantly

improved with eszopiclone co-therapy although CGI-S scores did not significantly

differ between treatment groups after Week 1. At Week 8, significantly more

patients who received eszopiclone achieved improvements in response rate

(patients with �50 % reduction in HAM-A), and although remission rates also

improved, they did not reach significance. No evidence of tolerance, rebound

insomnia, or withdrawal effects was reported and treatment differences in anxiety
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measures were maintained during the placebo washout period. Overall discontinu-

ation rates due to adverse events were similar in both groups, although higher

discontinuation rates were noted in the escitalopram plus placebo group during the

first 2 weeks of the double-blind period. Overall rates of treatment-emergent

adverse events for eszopiclone and placebo groups were 77.6 % and 67.9 %,

respectively, with unpleasant taste, headache, dry mouth, and somnolence reported

more frequently with eszopiclone.

Fava et al. (2011a) did a post hoc analysis of data pooled from the 2 previously

reported 8-week trials (Fava et al. 2006; Pollack et al. 2008) and assessed the effect

of eszopiclone and a selective serotonin reuptake inhibitor in patients with insomnia

and comorbid anxious depression. In the combined dataset, 30.5 % of patients had

insomnia and comorbid anxious depression. At week 8, patients in the eszopiclone

compared to placebo co-therapy groups had significantly greater improvements

from baseline in ISI total scores, along with greater reductions in HAM-D scores

when insomnia items were excluded or included, but not for anxiety/somatization.

Response rates were significantly higher in anxious depressed patients in the

eszopiclone co-therapy group compared to placebo co-therapy at week 8; however,

when insomnia items were removed the difference between groups was not signif-

icant. Remission rates did not significantly differ between treatment groups. Results

showed that the benefits previously reported with eszopiclone in patients with

insomnia and comorbid MDD or GADwere also observed in patients with insomnia

and comorbid anxious depression. Discontinuation of eszopiclone therapy did not

result in withdrawal or rebound insomnia.

4.4 Posttraumatic Stress Disorder

Treatment with eszopiclone in patients with posttraumatic stress disorder (PTSD)

and associated insomnia was evaluated in a double-blind, 3-week crossover trial

with eszopiclone 3 mg administered at bedtime compared to placebo, followed by a

washout week (Pollack et al. 2011). The mean duration of PTSD experienced by

subjects was approximately 20 years, and over half the patients had a concurrent

mood or anxiety disorder, and over a third reported a lifetime history of alcohol or

substance abuse or dependence. Compared to placebo, eszopiclone 3 mg was

associated with greater improvement in sleep as observed in a significant reduction

in the Pittsburgh Sleep Quality Index (PSQI) score with significant improvements

in PSQI subscales assessing subjective sleep quality, SL, sleep disturbances, and

daytime dysfunction. Additionally, relative to placebo, eszopiclone 3 mg was

associated with significant improvement in scores on the Short PTSD Rating

Interview and the Clinician-Administered PTSD Scale. Although not significant,

there was an increase in TST. Adverse events included dysgeusia (32 %), sedation

(16 %), and headaches (12 %).
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4.5 Chronic Obstructive Sleep Apnea and Pulmonary
Disease

Eszopiclone 3 mg has been evaluated in patients with chronic obstructive sleep

apnea (OSA) in several trials from 1 to 2 nights to 4 to 6 weeks (Rosenberg

et al. 2007; Lettieri et al. 2008, 2009a, b; Eckert et al. 2011). Using PSG measures,

a small crossover study of two consecutive nights demonstrated that eszopiclone’s
mean change from baseline in Apnea-Hypopnea Index (AHI) score did not differ

significantly from that of placebo in patients with mild to moderate OSA (AHI� 10

to� 40). Significant differences favoring eszopiclone were noted in spontaneous

arousals, sleep efficiency, TST, WASO, and wake time during sleep. Most common

adverse event with eszopiclone compared to placebo was bitter taste (28.6 %

vs. 9.5 %, respectively) (Rosenberg et al. 2007). Another larger study of one night’s
duration noted pretreatment with eszopiclone compared to placebo resulted in

improved CPAP titrations with less residual events and fewer incomplete titrations,

resulting in decreased need to repeat CPAP titration studies. The rate of poor quality

studies was significantly lower in eszopiclone compared to placebo-treated patients

(26.5 % vs. 46.0 %). Additionally, significant PSG improvement in sleep onset

latency, sleep efficiency, WASO, and prolonged sleep time was noted (Lettieri

et al. 2008). Another study noted eszopiclone during the first 2 weeks of CPAP

improved CPAP adherence in adults with newly diagnosed mild to severe OSA

(mean AHI of 37) for the first 6 months of therapy (Lettieri et al. 2009a). Use of

CPAP resulted in subjective improvements in sleepiness, fatigue, and quality of

life, with greater improvements in the eszopiclone group, most likely reflecting

increased use of CPAP. The mean duration of regular use of CPAP (>4 h/night

for> 70 % of nights) was 17.6 weeks for the eszopiclone group vs. 13.3 weeks for

the placebo group. Another study (Lettieri et al. 2009b) also noted that one-time use

of eszopiclone 3 mg as pretreatment during CPAP titration significantly improved

compliance with CPCP over 4–6 weeks in patients with moderate to severe OSA

(mean AHI of 29.2), as recorded objectively from a downloadable “smart card”

adherence-monitoring device. CPA was used on a higher percentage of nights in

patients who received eszopiclone (75.9 %) compared to those on placebo (60 %).

Additionally, the percentage of regular use of CPAP (>4 h/night) was significantly

greater among the eszopiclone group (46.9 % vs. 29.9 %, respectively). Good

compliance, defined as use of CPAP> 4 h/night for> 70 % of nights, was signif-

icantly greater in those premedicated with eszopiclone (53.1 %) compared to

placebo (27.1 %). Eszopiclone compared to placebo significantly improved mean

sleep efficiency, TST, and WASO. A single night physiological study noted also

that eszopiclone 3 mg significantly increased stage 2 respiratory arousal threshold

and sleep duration, improved sleep quality, and lowered the AHI in OSA patients

with moderate to severe OSA (mean AHI of 31), without respiratory event prolon-

gation or worsening hypoxemia (Eckert et al. 2011). Eszopiclone reduced the total

AHI by 23� 9 % and the greatest reduction in AHI occurred in patients with a low

arousal threshold. A shift from lighter stage 1 sleep to a more consolidated stage
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2 sleep is associated with reduced OSA severity. Eszopiclone was noted to increase

arousal threshold by ~ 30 % (more negative) from stage 1 to stage 2 sleep, and this

may allow for respiratory stimuli to accumulate and allow sufficient upper airway

muscle dilation resulting in airway patency. The reduction in AHI with eszopiclone

was noted in non-REM sleep with no change in REM AHI, consistent with the

proposed mechanism of reduced apnea severity with the non-benzodiazepine sed-

atives, and it is known that upper airway dilator muscles are responsive during

non-REM sleep in the presence of respiratory stimulation, but less so during REM

sleep.

4.6 Rheumatoid Arthritis

In a pilot study in patients with insomnia associated with rheumatoid arthritis,

eszopiclone 3 mg nightly for 4 weeks significantly improved SL, WASO, TST,

sleep quality, and depth of sleep for every week relative to placebo (Roth

et al. 2009). At week 4, significantly more patients on eszopiclone had no clinically

meaningful insomnia (ISI score� 7) and had greater improvements in ability to

function averaged over the 4-week treatment period compared to those on placebo.

Additionally, eszopiclone was significantly better than placebo on some pain

measures including improvements in the Arthritis Self-Efficacy Scale, in the activ-

ities domain of the Health Assessment Questionnaire-Disability Index, and on the

SF-36 questionnaire. Following a 2-week placebo run-out phase, there was some

evidence of rebound insomnia on the first night following discontinuation with

eszopiclone with respect to TST, but not for SL or WASO. Overall incidence of

adverse events was 67.5 % with eszopiclone and 60.5 % with placebo. The most

frequently reported adverse events with eszopiclone compared to placebo were

unpleasant taste (27.3 % vs. 0 %), increased symptoms of rheumatoid arthritis

(18.2 % vs. 9.2 %), headache (10.4 % vs. 7.9 %), pharyngitis (10.4 % vs. 2.6 %),

asthenia, and viral infection (each 6.5 % vs. 2.6 %).

4.7 Parkinson’s Disease

Eszopiclone was compared to placebo in patients with Parkinson’s disease and

insomnia in a 6-week, 5-site, double-blind, randomized controlled trial (Menza

et al. 2010). Patients had been ill with Parkinson’s disease an average of 4.5 years,

and had an average Hoehn–Yahr stage of 1.6. Patients< 65 years of age received

eszopiclone 3 mg, and patients� 65 years of age received eszopiclone 2 mg. Most

patients were taking more than one class of medications for Parkinson’s disease,
which included levodopa, dopamine agonists, catechol-O-methyltransferase inhib-

itors, and monoamine oxidase inhibitors. At the end of 6 weeks, there were no

significant differences noted in TST, SL, and WASO between patients who
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received eszopiclone and those on placebo. However, significant improvements in

secondary endpoints in NAW, quality of sleep, and in physician-rated CGI

improvement were noted in patients who received eszopiclone. No significant

differences between groups were noted in measures of daytime alertness, ability

to function, or sleep impairment. Additionally, no significant differences were

noted in quality of life (QoL), motor functioning, fatigue severity, as well as

caregiver QoL and depression. Although no difference between groups was

observed in the Parkinson’s disease QoL scale or in measure of daytime function-

ing, it may be due to the low power of the study or that patients with Parkinson’s
disease have other impairments which may overwhelm QoL daytime functioning

assessments. Eszopiclone use was not accompanied by any change in Parkinson’s
disease motor symptoms, and it was well tolerated. Incidence of adverse events

with eszopiclone was 33 % compared to 27 % with placebo. Two of the 15 patients

(13 %) in the eszopiclone group had an adverse event assessed as related to study

drug: two had sedation and one of those also reported dizziness. None of the

patients reported unpleasant taste.

4.8 Multiple Sclerosis

A significant relationship between fatigue and sleep disturbance has been

established in patients with relapsing-remitting multiple sclerosis (RRMS)

(Attarian et al. 2004), and thus the effect of eszopiclone on sleep disturbances

and daytime fatigue and functioning was evaluated in ambulatory patients with

RRMS (Attarian et al. 2011). Patients were excluded if they were receiving other

sedatives, stimulants, amantadine, or modafinil, and all patients had a Fatigue

Descriptive Scale (FDS) score of �5, indicating fatigue. Patients underwent a

diagnostic phase for 2 weeks and were randomized to receive eszopiclone 2 mg

or placebo by Day 14 and if they reported continued sleep problems, their dose was

increased to 3 mg of either eszopiclone or placebo, for a minimum of 4 weeks at the

maximum tolerated dose. Patient-maintained sleep logs and actigraphs revealed

that eszopiclone compared to placebo was superior in increasing objective TST.

There was no statistically significant correlation between increased TST and

improved fatigue, and the hypnotic did not improve SL, SE, or WASO.

4.9 Cancer Pain

Pain is known to disrupt sleep and opioids themselves have been shown to disrupt

sleep by significantly increasing light sleep and decreasing deep sleep, which may

not only further increase next-day fatigue, but may also lower the threshold for pain

stimuli necessitating continuous or higher doses of opioids, putting in place a

vicious cycle of pain and insomnia. To assess how the quality of sleep influences

daytime pain which in turn affects sleep at night, eszopiclone was evaluated in
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patients with malignancies who developed mucositis severe enough to require

treatment with patient-controlled analgesia delivering either morphine or dilaudid

(Dimsdale et al. 2011). Patients were randomized to eszopiclone or placebo for two

consecutive days. Every 6 h after dosing and while awake, patients assessed pain

with a 10-cm visual analog scale, and fatigue with the five-item Profile of Mood

States Scale, Short-Form Fatigue-Inertia Scale. Eszopiclone usage was associated

not only with significant improvements in sleep, but also reductions in self-reported

pain throughout the entire day. Patients who received eszopiclone had significantly

lower mean pain scores at all time points (morning, afternoon, evening), increased

TST, fewer NAW, better self-reported sleep quality, and depth. Self-reports of

fatigue or opioid usage did not differ significantly between treatment groups. The

effects of eszopiclone on pain did not appear to be due to the sedative effects of the

hypnotic, as lower pain ratings were not apparent only on the morning ratings, but

were consistently lower throughout the day, an average reduction of pain reports by

~30 %. Additionally, fatigue scores, although not significantly different between

treatment groups, and always a concern in cancer patients who already present with

high fatigue levels, were reported at a lower rate with eszopiclone. Eszopiclone was

well tolerated and drowsiness/confusion were each noted in both treatment groups

with the same frequency (13 %).

5 Dosage and Administration/Drug Interactions

The lowest effective dose of eszopiclone should be used in patients to minimize any

potential next day impairment associated with eszopiclone. The recommended

initial dose is 1 mg, immediately before bedtime, with at least 7 to 8 hours

remaining before the planned time of awakening. The dose may be increased if

clinically indicated to a maximum of 3 mg, however for geriatric or debilitated

patients, the dose should not exceed 2 mg. No dosage adjustments are required in

patients with renal impairment. In patients with severe hepatic impairment, how-

ever, the starting dose of eszopiclone should be 1 mg. Eszopiclone became the first

sedative hypnotic approved in the United States for long-term use in chronic

insomnia, and subsequently, other hypnotics have received approvals with no

restriction on the duration of treatment.

Eszopiclone is weakly bound to plasma proteins (52–59 %), and the large free

fraction suggests that the drug should not be affected by drug interactions secondary

to competitive plasma protein binding. However, the recommended starting dose of

eszopiclone with potent CYP3A4 inhibitors (e.g., ketoconazole, itraconazole,

clarithromycin, ritonavir, nelfinavir) is 1 mg, not to exceed 2 mg. Caution should

be exercised when eszopiclone is administered with other drugs known to cause

central nervous system depression, as this may lead to additive sedative and

psychomotor effects. If eszopiclone is administered with or immediately following

a high-fat/heavy meal, absorption may be delayed leading to a reduced effect on SL

(Sunovion 2014).
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6 Safety and Tolerability

Eszopiclone was generally well tolerated in non-elderly and elderly patients in both

short-term and longer-term studies. The tolerability profile of eszopiclone during

the longer-term trials was similar to that reported during the short-term trials.

Pooled data from long-term studies in non-elderly patients noted the incidence of

the following adverse events with eszopiclone 3 mg compared to placebo: unpleas-

ant taste (22.8 % vs. 2.9 %), somnolence (8.3 % vs. 2.9 %), pain/back pain (3.5 %

vs. 1.4 %), nausea/vomiting (5.7 % vs. 3.1 %), and somnolence (8.3 % vs. 2.9 %).

Adverse event profile in the very elderly (�75 years old) was similar to the elderly

(<75 years old), with headache, asthenia, somnolence, and unpleasant taste being

the most prevalent. In the� 75 years old age group, asthenia was higher, while

unpleasant taste was lower.

Unpleasant and bitter taste was the most commonly reported adverse event

reported with eszopiclone across the dose range from 1 mg (8 %) to 3 mg (34 %).

A double-blind study noted no meaningful relationship between the frequency or

intensity of the taste disturbance associated with eszopiclone and a person’s age,
body mass index, or phenylthiocarbamide taste sensitivity status. However, the

predominant dysgeusic sensations of bitter and metallic taste were more intense and

longer lasting in females than males, stronger in morning than in evening hours, and

positively correlated with eszopiclone’s plasma and saliva levels (Doty et al. 2009).

Since GABAA receptors containing the various α subunits are located in various

regions of the brain, the clinical effects of binding to these receptors may be

determined by their location. Binding to GABAA receptors in the cerebellum may

lead to problems with balance and coordination, whereas binding to GABAA

receptors in the hippocampus is associated with memory impairment, and binding

to GABAA receptors in the amygdala produces an anxiolytic effect (Nutt and Stahl

2010; Richey and Krystal 2011).

Reports of impairments in memory, cognitive, or psychomotor functions were

infrequent, and trials utilizing various doses of eszopiclone did not depict evidence

of a dose relationship associated with these events. Memory impairment was noted

in 1.3 % vs. 0 % of patients treated with eszopiclone 3 mg compared to placebo in a

6-month trial, while the incidence of confusion was same between treatment groups

(0.5 %) (Krystal et al. 2003). In elderly patients, spontaneous reporting rates of

confusion and memory impairment with eszopiclone 2 mg or placebo were 0 %

vs. 0.8 % and 1.5 % vs. 0 %, respectively (McCall et al. 2006). Another trial with

elderly patients noted confusion and memory impairment with eszopiclone 1 mg,

2 mg, and placebo at 0 %, 2.5 %, and 0 % and 1.4 %, 0 %, and 0 %, respectively

(Scharf et al. 2005). A 6-week trial reported the incidence of confusion and memory

impairment with eszopiclone 2 mg, 3 mg, and placebo as 0 %, 3 %, and 0 % and

1 %, 1 %, and 0 %, respectively (Zammit et al. 2004).

Two randomized, double-blind, placebo-controlled crossover trials in healthy

volunteers and patients with primary insomnia (n¼ 32, both) showed that

eszopiclone 3 mg did not impair next-day driving ability or measures of cognitive

182 J.S. Najib



or psychomotor function (Boyle et al. 2008). Next-day feelings of sedation did not

increase in patients, but increased in volunteers. No objective impairments were

noted in either group. Next-morning DSST scores, administered to objectively

determine residual next-day psychomotor drug effects, demonstrated no clinically

relevant impairment and no dose response pattern was evident, and all subjects

reported they were not more or less sleepier than those who received placebo.

Likewise, next-day effects of eszopiclone in healthy normal subjects and insomnia

patients following a single nighttime dose demonstrated no significant effect of

eszopiclone 3 mg on DSST at 9.5 h post dose. This is in contrast to the racemate,

zopiclone 7.5 mg, that demonstrated significant impairment on DSST at both 9 and

10 h post dose (EMEA 2009). A double-blind study of 91 healthy adults (aged 25

to 40 years) assessed the effects of eszopiclone 3 mg on next-morning psychomotor

and memory impairment (Boyle et al. 2012). Impairment was most severe at

7.5 hours, but still present and potentially clinically meaningful at 11.5 hours

after dosing. Although subjective perception of sedation and coordination associ-

ated with eszopiclone 3 mg did not differ significantly from placebo, subjects were

objectively impaired, and had an impairing effect almost as large as observed with

zopiclone 7.5 mg (Boyle et al. 2012).

Tolerance with eszopiclone was not apparent in any of the sleep parameters for

up to 12 months treatment duration. Rebound insomnia, where documented, tended

to be transient and limited, and resolution typically was observed within one to two

nights without intervention. Duration of treatment did not increase the incidence of

patients experiencing rebound insomnia following eszopiclone discontinuation.

Eszopiclone is classified as a schedule IV medication, and doses of 6 mg–12 mg

produce euphoria similar to the effects of diazepam 20 mg in patients with a history

of benzodiazepine abuse (EMEA 2009). Withdrawal was evaluated using the

Benzodiazepine Withdrawal Symptom Questionnaire (BWSQ) along with new or

worsening adverse events following abrupt discontinuation of treatment in six trials

ranging from 4 weeks to 6 months of double-blind treatment. The incidence of

withdrawal adverse events and the total score for the BWSQ did not differ signif-

icantly between eszopiclone and placebo. Post-marketing data in the United States

shows that tolerance, withdrawal syndrome, and dependence have occurred at

0.18 %, 0.19 %, and 0.11 %, respectively (EMEA 2009).

7 Hypnotics and Infections and Cancer

Recent epidemiologic studies and meta-analyses have raised concern about the

risks associated with the use of hypnotics, specifically reports of infections and

possibility of cancer (Joya et al. 2009; Kripke 2008; Kripke et al. 2012; Stebbing

et al 2005). Review of the Approval History and Documents have noted that

eszopiclone, along with zaleplon and ramelteon, was each reported to be

clastogenic, that is, they cause breaks in chromosomes, and FDA files have revealed

that those three and zolpidem were associated with cancers in rodents (Kripke
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2008). Most infections reported with eszopiclone in trials were mild and viral and

did not lead to dropouts. Data from trials of four hypnotics combined (eszopiclone,

ramelteon, zaleplon, and zolpidem) noted that participants randomized to hypnotics

had a higher rate of incident non-melanoma skin cancers and a significantly higher

rate of incident skin cancers with possible malignant tumors, although the trails

were not sufficient in size to detect if each hypnotic by itself caused cancer (Kripke

2008). Research is needed to determine if use of hypnotics may increase infections

or cancer, and till then, data from post-marketing observational trials are the

mainstay in detecting drug effects that are infrequent or have a delayed

presentation.

8 Place in Therapy

Short- and long-term trials in adult patients demonstrated that eszopiclone 1–3 mg

consistently improved measures of sleep latency, maintenance, and duration of

sleep. Likewise data from trials demonstrated that in elderly patients, eszopiclone

1 mg was effective in inducing sleep, whereas eszopiclone 2 mg was effective at

both inducing and maintaining sleep. Additionally, eszopiclone has a substantial

body of clinical evidence supporting its efficacy in insomnia patients with certain

comorbid disorders. When administered to patients with comorbid conditions

receiving standard therapy, eszopiclone has shown greater improvements in those

comorbidities according to certain parameters than those receiving placebo with

standard therapy. Overall studies have also demonstrated that eszopiclone 3 mg did

not worsen the severity of sleep-disordered breathing.

Data from 5 large, multicenter, randomized, placebo-controlled trials of adult

outpatients of at least 1-month duration were analyzed by Krystal and colleagues

(2012b) for effect size comparisons in patients with primary insomnia, and insom-

nia with medical and psychiatric comorbidity. As early as Week 1, effect sizes

ranged from 0.40 to 0.69 (small to medium) and were maintained at 0.26–0.63 at

Week 4 for SL, WASO, and TST in all five trials. Effect sizes on all measures of SL,

WASO, TST, and ISI were consistently highest in the primary insomnia group, and

tended to be lowest for patients with comorbid GAD and MDD. It is also too early

to tell if the improvement noted across the insomnia subgroups is unique to

eszopiclone or common to all hypnotics that enhance GABAA receptor-mediated

inhibition.

Eszopiclone, apart from its known hypnotic effects, may have direct beneficial

effects on comorbid disease symptomatology by its activity across a relatively

broad range of GABAA receptor subunits. Eszopiclone appears to have a greater

impact on the GABA α2 and α3 receptors, which may explain the antidepressant,

anxiolytic, and possibly anti-pain effects associated with this hypnotic (Nutt and

Stahl 2010). Likewise, its effect on the GABA α3 subunit, which may be relevant

for anxiolytic activity, and GABA α5 subunits, which may be relevant in the

extinction of learned fear in the hippocampus, may have a role in PTSD
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management. Since benzodiazepines are commonly administered as anxiolytics,

eszopiclone’s efficacy for comorbid anxiety and other affective disorders may be

attributable to its broader range across GABAA receptor subunits compared to other

sedative hypnotics. Sedative effects are associated with activity at α1 subunit of the
GABAA receptor, and zolpidem has a relatively higher affinity for α1 compared to

α3, and studies with extended release zolpidem did not demonstrate anxiolytic and

antidepressant benefits as were noted with eszopiclone (Fava et al. 2011b; Hanson

et al. 2008).

Eszopiclone has been studied in other conditions where its role as a hypnotic

may be beneficial. Treatment of chronic insomnia in patients with bipolar disorder

is a therapeutic priority since it can cause or exacerbate manic-related symptoms. A

preliminary study in patients with chronic insomnia and bipolar disorder noted

treatment success rates with zolpidem, zolpidem CR, eszopiclone, zaleplon, and

ramelteon were 60 %, 58 %, 46 %, 36 %, and 15 %, respectively, in this patient

population (Schaffer et al. 2011).

Recently, reduction in sleep spindles observed in schizophrenics has been

hypothesized to impair sleep-dependent memory consolidation. Sleep spindles

correlate with various cognitive measures including memory consolidation, learn-

ing potential, and intellect. Reduced spindle activity has been reported to predict

more severe positive symptoms of schizophrenia. Eszopiclone is known to increase

the duration of stage 2 sleep and to act on GABA neurons in the thalamic reticular

nucleus where spindles are generated. A small (n¼ 21) randomized placebo con-

trolled trial noted significantly increased sleep spindle number and density during

stage 2 sleep following 2 nights of eszopiclone 3 mg compared to placebo which

correlated with enhanced though nonsignificant overnight motor sequence task

improvement (Wamsley et al. 2013). Previous studies noted that triazolam led to

overnight deterioration of motor sequence tasks, although spindles increased, and

zolpidem did not differ from placebo in its effects on memory. Additionally,

previous studies have reported that benzodiazepine-induced spindles differ in

frequency, amplitude, and duration while eszopiclone did not alter those charac-

teristics nor the topographical distribution of sleep spindles. It is unknown if these

finding are specific to eszopiclone, but larger studies may be needed to detect if

there is a significant effect on memory.

The European Medicines Agency (EMEA) in 2009 with advice from the Clinical

Neurosciences Scientific Advisory Group (CHMP) confirmed their initial opinion

from the previous year and cited no relevant and clinically meaningful differences

between eszopiclone and its racemate, zopiclone, and denied granting eszopiclone a

“new active substance” status. Hence, eszopiclone is not marketed in the European

Union, as it was too similar to the racemate to be considered a patentable product.

Racemic zopiclone itself has been available since 1987 outside of the United States,

and has been widely utilized as a sedative/hypnotic with over 20 million patient-

years of experience in many countries. Zopiclone is marketed as Imovane®,

Zopinox®, or Zimovane® in Canada, Australia, Sweden, Norway, Finland,

Russia, and the United Kingdom, and as Amoban® in Japan (Najib 2010).
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Conclusion

Eszopiclone 2 and 3 mg has demonstrated statistically significant improve-

ment of the primary variable, SL, measured objectively or subjectively in

both short- and long-term trials. Secondary efficacy measures, including sleep

maintenance, sleep quality, and daytime functioning, have also shown

improvement with eszopiclone. Various trials for insomnia associated with

comorbid conditions have noted improvement with eszopiclone 3 mg on

sleep measures with no evidence of negative effects on the comorbid disease

state. Long-term use with eszopiclone has not been associated with evidence

of tolerance.
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Orexin/Hypocretin Antagonists in Insomnia:

From Bench to Clinic

Alberto K. De la Herrán-Arita, Ana C. Equihua-Benı́tez,

and René Drucker-Colı́n

Abstract Insomnia is a common clinical condition portrayed by difficulty in

initiating or maintaining sleep, or non-restorative sleep with impairment of daytime

functioning, such as irritability or fatigue during wakefulness. This ailment is one of

the most rampant health concerns; however, it represents an everyday struggle to

clinicians because of its many potential causes, unfamiliarity with behavioral

treatments, and concerns about pharmacologic treatments. The etiology and patho-

physiology of insomnia involve genetic, environmental, behavioral, and physio-

logical factors culminating in hyperarousal.

Current pharmacological treatment for insomnia exists in the form of benzo-

diazepine receptor agonist drugs (GABA-A receptor). Nonetheless, the use of these

hypnotic medications must be carefully monitored for adverse effects and concerns

persist regarding their safety and limited efficacy.

The recent advances made in elucidating the processes of sleep/wake regulation

have altered the way that insomnia is approached. Current studies have highlighted

new targets for drug discovery. One of the most promising ones is the orexin

(hypocretin) system. Orexin neuropeptides regulate transitions between wakeful-

ness and sleep by promoting arousal through activation of cholinergic/mono-

aminergic neural pathways. This has led to a swift development of a novel class

of drugs that antagonize the physiological effects of orexin. These pharmacological

agents may lead to new therapies for insomnia without the side effect profile of

benzodiazepines (e.g., impaired cognition, disturbed arousal, and motor balance

difficulties); however, antagonizing the orexin system may produce an entirely new

plethora of side effects.

Despite the impending side effect profile of orexin antagonists, these drugs will

inevitably supplement or replace conventional BZD receptor agonists for treating

insomnia.
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In this chapter, we will appraise the role of orexin antagonists for the treatment

of insomnia.

1 Introduction

Pharmacological treatment is often characterized by ambiguities regarding diag-

nosis, selection of adequate treatment, and assessment of outcomes for individual

patients. Likewise, multiple efficacious treatments are often available for a parti-

cular condition. This is indeed true for insomnia, with multiple behavioral and

pharmacologic treatments demonstrating short-term and long-term efficacy data.

However, what is considerably more challenging is trying to determine which

treatment is best suited for which particular patient, based on the characteristics

of their disorder, and the availability of treatments.

During the past half century, the pharmaceutical industry has invested a great

deal of effort in the approval and usage of the very popular central nervous system

(CNS) agents that enhance signaling of γ-aminobutyric acid (GABA), an inhibitory

neurotransmitter (Zisapel 2012). These endeavors have succeeded in ascertaining

the popularity of the GABA compounds as sleep aids; nevertheless, there are

several issues that still raise many questions as to their use, namely, the fact that

all of these compounds are classified as controlled substances and the label change

that was required by the Food and Drug Administration (FDA).

Over the past several years, a novel mechanism for modulating sleep that has

gained significant popularity is the orexin/hypocretin system, due to its highly

conserved nature and its ability to regulate arousal and wakefulness (Fig. 1).

Orexins (also known as hypocretins) were first described in 1999 (de Lecea

et al. 1998; Peyron et al. 1998; Sakurai et al. 1998) and, shortly, their absence was

associated with the development of the sleep disorder narcolepsy (Chemelli

et al. 1999; Lin et al. 1999; Thannickal et al. 2000). Since then, orexins have

been intensely studied for their role in the sleep–wake cycle (SWC) primarily as

wake-promoting neurotransmitters.

Orexin-producing neurons are found in the lateral hypothalamus (LH), where

they synthesize two excitatory neuropeptides called orexin A and B (alternatively

known as hypocretin 1 and 2) cleaved from a common protein precursor called

prepro-orexin (prepro-hypocretin) (Sakurai et al. 1998). Orexinergic neurons exten-

sively innervate the CNS, specifically areas known for their role in promoting

arousal like the locus coeruleus (LC), the tuberomamillary nucleus (TMN), the

basal forebrain (BF), the cerebral cortex, and the dorsal raphe (DR) (Peyron

et al. 1998). Orexins exert their actions through their interaction with two G

protein-coupled receptors called OX1R and OX2R (hcrtR1 and hcrtR2, respec-

tively). These receptors have different affinities for the orexin peptides, while

orexin A binds both receptors, orexin B selectively binds to OX2R (Sakurai

et al. 1998).
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Orexin-excited neurons become more excitable through an inhibition of potas-

sium channels, including GIRK (G protein-regulated inward rectifier) channels; in

addition, signaling through the orexin receptors can induce a rapid and sustained rise

in intracellular calcium through voltage-gated calcium channels, through transient

receptor potential channels, or from intracellular stores (Mieda et al. 2013).

In addition to these postsynaptic effects, orexins can also act presynaptically on

nerve terminals to induce release of GABA or glutamate, thus generating more

complicated effects on downstream neurons (Mieda et al. 2013). Through these

many mechanisms, orexins are thought to generally excite neurons that promote

many aspects of arousal.

Furthermore, orexin receptors are differentially located throughout the CNS; the

LC mainly expresses OX1R, the TMN exclusively expresses OX2R, while the DR,

BF, and cerebral cortex express both receptors (Marcus et al. 2001; Mieda

et al. 2013). The divergent distribution and affinities of orexin receptors suggest

they play different functions in the conservation of wakefulness. This has been

a bLimbic system

SCN

Energy balance Orexin
neurons

Orexin
neurons

POA Wake-active
neurons

POA
sleep-active

neurons

Wake-active
neurons

Sleep Wake Sleep Wake

Excitatory
Inhibitory

Fig. 1 Orexinergic control of sleep and wakefulness. (a) Awake state. Orexin neurons send

excitatory projections to wake-active neurons, which send inhibitory feedback projections to

orexin neurons. This system might maintain the activity of wake-active neurons. A small decrease

in the activity of wake-active neurons results in decreased inhibitory influence to orexin neurons.

Orexin neurons, therefore, are disinhibited and increase their excitatory influence on wake-active

neurons to maintain their activity. These wake-active neurons send inhibitory projections to the

preoptic area (POA) sleep center and excitatory projections to the thalamus and cerebral cortex.

(b) Sleep state. GABAergic neurons in the sleep center are activated and send inhibitory pro-

jections to wake-active neurons and orexin neurons to maintain a sleep state. The figures represent

the functional interaction between orexin neurons, wake-active centers, and sleep-active centers

during various states of sleep and wakefulness. Arrows show excitatory and lines show inhibitory

input. The thickness of arrows and lines represent relative strength of input. Circle sizes represent
relative activities of each group of neurons. Modified from Lu and Zee, Clin Chest Med 31 (2010)

309–318
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studied using different strains of transgenic mice, such as knockouts (KO) for either

one of the orexin receptors, or both (double knockouts, DKO). These mice show

varying degrees of sleep disturbances; while OX1R KO mice do not exhibit any

obvious behavioral alterations (Sakurai 2007), OX2R KO mice manifest some fea-

tures of narcolepsy, including an inability to sustain wakefulness (Willie et al. 2003).

DKOmice display themost profoundly disturbed sleep phenotype of all threemodels:

narcolepsy with cataplexy (transient episodes of behavioral arrest) (Kalogiannis

et al. 2011). The robust narcoleptic phenotype in DKO mice indicates a synergistic

role between OX1R and OX2R in the maintenance of wakefulness. Therefore, both

the OX1R and OX2R are essential in the process of keeping a stable sleep/wakeful-

ness cycle, with a larger contribution of OX2R.

To further characterize the role of orexin receptors, selective orexin receptor KO

mice were stimulated with intracerebroventricular (ICV) infusions of orexin

A. Specific stimulation of OXR1 in OXR2 KO mice produced a moderate improve-

ment in wakefulness and suppression of nREM, whereas the stimulation of OX2R

in OX1R KO mice resulted in a greatly enhanced wakefulness (Mieda et al. 2011).

This suggests that OX1R plays an important role in suppressing the instigation of

nREM sleep, while OX2R has a major role in promoting wakefulness.

In another direction, overexpression of components of the orexinergic system

also disrupts the SWC. For example in the zebrafish, overexpression of orexinergic

neurons has been shown to induce an insomnia-like phenotype (Prober et al. 2006).

Mice that overexpress prepro-orexin display sleep abnormalities, which include

fragmentation of nREM sleep, reduced REM sleep, and increased motor activity

during REM sleep, suggesting an inability to maintain sleep states.

The excitatory effects of the orexin peptides on these arousal centers are

hypothesized to stabilize and maintain wakefulness (Fig. 1) and if we take into

consideration that the activation of the orexinergic system promotes wakefulness

and that its disruption brings about sleep disturbances, orexin antagonists could

offer a very effective therapeutic alternative for insomnia.

Given that orexins essentially promote arousal, orexin antagonists have the

potential to selectively promote sleep and cause fewer side effects. Dependence

and abuse should be less of a concern, as animal studies have shown that orexin

antagonists actually reduce drug seeking. Imbalance and falls should not be a

problem, as there is no evidence that the orexin system affects balance or gait

directly. Consequences of an overdose should not be too concerning, as orexin

antagonists should not significantly depress respiration or affect blood pressure.

Potential side effects of orexin antagonists, including disinhibition of REM

sleep, are discussed below, but overall, many researchers anticipate that these

drugs should promote sleep without many of the side effects encountered with

current medications.
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2 Orexin Receptor Antagonism: A Novel Approach

for Treating Insomnia

The newest molecules in the pipeline for the treatment of insomnia are orexin

antagonists. Drugs targeting insomnia ideally promote sleep throughout the night,

maintain normal sleep architecture, and are devoid of residual effects associated

with morning sedation. These features of an ideal compound are not only dependent

upon pharmacokinetics, receptor binding kinetics, potency, and pharmacodynamic

activity, but also upon a compound’s mechanism of action. There are many orexin

antagonists currently being studied for the treatment of insomnia and they fall into

one of two categories: single orexin receptor antagonists (SORAs) and dual orexin

receptor antagonists (DORAs).

2.1 Single Orexin Receptor Antagonists (SORAs)

Evidence from experiments conducted in transgenic models of orexin receptor KO

mice suggests that SORAs targeting OX1R will not promote sleep as effectively as

those aimed at OX2R; nonetheless, OX1R antagonism could serve as a comple-

mentary treatment for insomnia or other sleep-related disorders.

2.1.1 OX1R

Of the available SORAs, SB-334867 was the first drug designed to selectively

antagonize OX1R. This SORA is able to counteract the suppression of REM sleep

after ICV infusion of OXA in rats (Smart et al. 2001; Smith et al. 2003); however, it

does not decrease wakefulness, or increase the amount of time spent in sleep, nor

does it reduce sleep latency by itself at any given dose. Also, SB-334867 at 3 and

30 mg/kg increased cumulative nREM during the first 4 and 6 h following admin-

istration (Morairty et al. 2012). SB-334867 is classified as a selective OX1R

antagonist, but unspecific binding to adenosine and serotonin receptors has been

reported; it also affects monoamine and norepinephrine transporters at high con-

centrations (Lebold et al. 2013).

Although the effect of SB-334867 on sleep induction was poor, this molecule

has proven to be useful for the treatment of other conditions, such as substance

abuse, withdrawal, obesity, and panic disorder (White et al. 2005; Johnson

et al. 2010; Jupp et al. 2011; Smith and Aston-Jones 2012).

Other selective OX1R antagonists include SB-408124, SB-674042, and the

newest AK-335827. So far, neither SB-408124 nor AK-335827 has been found to

promote sleep (Dugovic et al. 2009; Steiner et al. 2013). In the case of SB-408124

however, insufficient brain penetration was observed and this could account in part

for the absence of observable effects (Morairty et al. 2012).
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There are few studies characterizing the effect of these antagonists; nonetheless,

there is some evidence that they can be useful in the treatment of substance abuse

and withdrawal, and have potential for treating obesity and panic disorder (Table 1).

For example, it has been shown that subcutaneous administration of SB-408124

lowers the release of dopamine in the nucleus accumbens (Dugovic et al. 2009), and

orally administered AK-335827 has anxiolytic effects (Steiner et al. 2013).

It is interesting that despite the lack of sleep-promoting effects of OX1R SORAs

on their own, these compounds have the capacity to thwart the sleep-inhibiting

effects of ICV orexin infusion (Smith et al. 2003). Strikingly, they can also reduce

the sleep-promoting effects of other antagonists, as observed under the

co-administration of OX1R and OX2R antagonists, which has a milder sleep-

promoting effect than when the OX2R antagonist is administered by itself (Dugovic

et al. 2009). This could be due to the high concentrations used in these experiments

(30 mg/kg) and the unspecific binding that follows.

2.1.2 OX2R

Type 2 orexin receptors are selectively expressed in both the paraventricular

nucleus (PVN) and the TMN. The PVN is part of the hypothalamic-pituitary-

adrenal axis (HPA), and the overactivation of the HPA has been proposed to be

Table 1 Summary of orexin receptor antagonists

Compound

Affinity (Ki, nM)

Potential applicationsOX1R OX2R

SORAs Selectivity

SB-334867 28 1704 OX1R Withdrawal, substance abuse, obesity,

panic disorderSB-408124 22 1405

SB-674042 1.1 129

ACT-

335827

6 417

(IC50)

TCS-OX2-

29

– 7.4

(pKi)

OX2R Sleep promotion

JNJ-OX2-

29

1644 6

EMPA 900 1.1

Antagonist

26

6.34 7.23

(pKi)

DORAs FDA phase

Almorexant 13 8 III (discontinued) Treatment of insomnia

SB-649868 0.3 0.4 II (completed)

Suvorexant 0.6 0.4 III (pending

approval)

MK-6096 2.5 0.3 – –

DORA 30 18 7 (IC50) – Sleep promotion

Modified from Equihua-Benı́tez et al., Front Pharmacol, 2013; 4:163
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involved in the etiology of primary insomnia. Withholding the orexinergic stimuli

to the HPA could help prevent the development of a vicious cycle of overactivation

that could lead to chronic insomnia. Additionally, the TMN, a histaminergic

nucleus, has a major role in the arousal effect observed after orexinergic stimulation

(Huang et al. 2001). Inhibition of the TMN with orexinergic antagonists could

facilitate the induction of sleep by allowing the sleep-promoting nuclei to prevail.

OX2R antagonists are less common than the other classes. Among the few

available molecules that have been studied in the context of sleep promotion are

EMPA, TCS-OX2-29, and JNJ-10397049. These antagonists have been more

successful at diminishing wakefulness than OX1R antagonists (Table 1).

EMPA is the least effective sleep-promoting OX2R SORA ever studied. While

intraperitoneal administration of EMPA (100 mg/kg) has been shown to selectively

increase cumulative nREM sleep during the first 4 and 6 h after administration,

these increases are not accompanied by any significant increase in REM sleep or

reduction in latencies for either sleep stage (Morairty et al. 2012). On the other

hand, rats that received an ICV infusion of TCS-OX2-29 (40 nmol) increased their

total sleep time by 7 % in comparison to controls that received saline infusions.

Interestingly, this effect was secondary to a selective increase in REM sleep

(Kummangal et al. 2013).

Intraperitoneal administration (5, 25, or 50 mg/kg) of JNJ-10397049 6 h into the

dark phase produced a robust increase in total sleep time, traced to increases in both

REM and nREM sleep (Gozzi et al. 2011). Similar results have been observed with

subcutaneous injections (Dugovic et al. 2009). Starting at doses of 3 mg/kg,

administration of JNJ-10397049 2 h into the light phase significantly decreased

the latency to nREM sleep while increasing the length of each bout. At higher

concentrations (30 mg/kg), this drug also induced a decrease in REM sleep latency

without noticeable changes in its duration. Overall, 3 mg/kg of JNJ-10397049

increased total sleep time by 42 % while keeping the proportion of nREM/REM

sleep observed in vehicle-treated animals.

Furthermore, microdialysis assays showed that this compound reduces histamine

release in the LH. As mentioned earlier, release of histamine in the TMN is

fundamental for the wake-promoting effects of OXA ICV infusions (Dugovic

et al. 2009; Huang et al. 2001).

Animal studies support the notion that OX2R antagonists are helpful as sleep-

inducing agents (Table 1). Further research is needed to determine the degree of

sleep generation achieved by these compounds in different species, including

humans. It is possible that the sleep-promoting effect of selectively antagonizing

OX2R is less pronounced than the one observed with DORAs, but it may also be

more specific, which would be worth investigating.
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2.2 Dual Orexin Receptor Antagonists (DORAs)

It had been long suspected that antagonizing both orexin receptors would elicit the

most powerful sleep-promoting effects; therefore, many of the studies around

orexin antagonists have focused on DORAs. So far, evidence has proven this to

be the case, to the point that DORAs are the only orexin antagonists currently

undergoing clinical trials in the hope that the FDA will approve them for the

treatment of insomnia.

2.2.1 Almorexant

ACT-078573 (almorexant) is the most widely studied DORA and one of the first to

enter phase III clinical trials (NCT00608985). Almorexant is a reversible, selective

dual OX1 and OX2 receptor antagonist.

In wild-type mice, the administration of almorexant 15 min before lights-out

reduced the amount of time spent awake, while increasing the length of nREM and

REM sleep bouts in a dose-dependent manner (Mang et al. 2012). Notably, the

proportion of REM sleep observed after almorexant administration during the dark

phase was in the range of that observed during the light phase with vehicle

treatment.

Further studies in KO mice determined that the sleep-inducing effect of

almorexant was related to the stimulation of OX2R and not OX1R. This conclusion

was reached after the authors did not observe any changes in the amount of sleep in

OX2R KO, but did for OX1R KO mice. Interaction with sites other than orexin

receptors that could account for the changes in sleep times was discarded when no

changes were observed in the SWC of DKO mice.

When administered in healthy humans, almorexant increased deep sleep and

REM sleep (unlike GABA receptor modulators which decrease REM sleep). In a

Phase II study of 161 patients with primary insomnia, almorexant 400 mg signi-

ficantly reduced LPS (mean treatment effect—18 min; p¼ 0.02) and WASO (mean

treatment effect—54 min; p< 0.001) compared to placebo. Dose-related increases

in TST were found in all (400, 200, and 100 mg) almorexant groups compared with

placebo. The most commonly reported adverse effects in the almorexant-treated

patients were dizziness, nausea, fatigue, headache, and dry mouth. Almorexant had

no effect on subjective WASO at any dose, but objective WASO decreased in a

dose-dependent fashion. The higher almorexant doses (400 and 200 mg) were

associated with some residual effects on next-day performance as evidenced by

increased mean reaction times and lower scores on the digit span test. At doses up to

1,000 mg, there were no reports of cataplexy or narcolepsy in almorexant-treated

patients (Hoever et al. 2012).

Actelion’s first Phase III study of almorexant (RESTORA 1) was a 2-week

randomized, double-blind trial in 707 patients with primary insomnia. Patients

were randomized to almorexant 100 mg, almorexant 200 mg, placebo, or zolpidem
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10 mg (active comparator). The primary endpoint was change from baseline to Day

1 and 2 in WASO. Both almorexant groups showed statistically significant

improvements in wake after sleep onset with median reductions of 29 and 40 min

in the 100 and 200 mg groups, respectively, versus 11 min in the placebo group

(Renzulli et al. 2011).

Doses of and above 200mg elicited decreased alertness, with increased reports of

fatigue, drowsiness, sleepiness, and sleep efficiency, measured as an increase in

SWS and REM sleep (Brisbare-Roch et al. 2007). In patients with primary insomnia,

it proved to be effective for boosting sleep, increasing total sleep time, and reducing

both REM sleep latency and the frequency of awakening (Hoever et al. 2012).

This effect was dose dependent, with the most notorious effect on sleep architecture

achieved at doses of 400 mg; doses of 100 and 200 mg had modest effects on sleep,

with fewer adverse effects (e.g., headache, dizziness, blurred vision).

Although almorexant was generally well tolerated in this study, safety signals

led to further investigations of the clinical safety of almorexant. These expanded

studies led to the discontinuation of almorexant development for undisclosed

human tolerability issues (Tables 1 and 2). Currently, almorexant is in a new

phase of clinical trials in order to evaluate its effect on cognitive performance

(NCT01243060).

2.2.2 SB-649868

SB-649868 is a potent orally active DORA manufactured by the same pharma-

ceutical company as almorexant. There is also evidence for the effectiveness of

SB-649868 in promoting sleep, in both animal studies and human trials.

When administered to rats, it elicited an increase in total sleep time (related to

increases of both nREM and REM sleep) and reduced sleep latencies at doses of

10 and 30 mg. Moreover, the effect of SB-649868 on motor coordination was null,

given that the rotarod model of coordination failed to reveal any motor impairment

in rats treated with this compound, even when the orexin antagonist was

Table 2 Dual orexin receptor antagonists (DORAs)

Compound

ACT-078573

(Almorexant) MK-4305 (Suvorexant) SB-649868

Company Actelion &

GlaxoSmithKline

Merck & Co. GlaxoSmithKline

Clinical

Trial

Phase III,

discontinued

Phase III completed, NDA submitted

Nov 2012, denied FDA approval

July 2013

Phase II

completed

Indications Insomnia Insomnia Insomnia

T1/2 (hours) 21 12 3–6

Metabolism Hepatic

CYP3A4 (S/I)

Hepatic

CYP3A4 (S)

Hepatic

CYP3A4 (S/I)

S substrate, I inhibitor, NA not available
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administered concurrently with ethanol (Di Fabio et al. 2011). Compared to

almorexant, the in vivo efficacy of this compound is excellent; thus it has been

moved on to clinical trials.

The administration of SB-649868 to healthy volunteers who participated in a

noise-disturbed sleep study showed that this compound is effective at inducing

somnolence and fatigue at 10 and 30 mg doses (Bettica et al. 2012). Furthermore,

patients diagnosed with PI reported that SB-649868 significantly improved the

quality of sleep (10, 30, and 60 mg) while objectively increasing total sleep time,

reducing sleep latency, and suppressing nighttime awakenings. During this study,

the most common complaints were headaches, dry mouth, and nasopharyngitis; the

number of complaints increased in a dose-dependent manner. Phase II clinical trials

of SB-649868 have been completed (NCT00426816) (Table 1).

2.2.3 Suvorexant

Another promising DORA is the potent suvorexant (MK-4305, Merk), a compound

variation from the diazepam series.

Animal studies have shown that suvorexant reduces active wake time by

increasing nREM and REM sleep in rats, dogs, and monkeys. In all cases, these

effects were achieved at much lower doses (10 mg) than with almorexant (Winrow

et al. 2011).

It has been determined that its median peak plasma concentrations occur

approximately 2 h after administration and are not affected by food. It has a volume

of distribution of 105.9 L and is highly protein bound (99.5 %). It is primarily

metabolized by the cytochrome P450 (CYP3A4) enzyme system, with some contri-

bution from CYP2C19 into M9, an inactive metabolite. Finally, it is eliminated

primarily via inactive metabolites in the feces; there is no renal elimination. The

half-life is approximately 12.2 h on average (range 8–19 h) (Table 2). Steady-state

plasma concentrations occur in about 3 days with daily administration (Sun

et al. 2013).

This molecule is currently under evaluation for approval by the FDA. Merck’s
application to the FDA for approval included 32 studies that enrolled more than

900 subjects (healthy and those with insomnia).

Healthy participants received one of three doses of suvorexant (10, 50, or

100 mg) or placebo and were evaluated in two 8-h (polysomnography) PSG

recording sessions in a general laboratory setting. Different parameters were ana-

lyzed in order to assess the efficacy of suvorexant administration; these included:

sleep onset, or latency to persistent sleep (LPS); sleep maintenance, or waking after

sleep onset (WASO); sleep efficiency (SE); and total sleep time (TST).

The lowest dose (10 mg) reduced the number of awakenings after sleep onset,

and at higher doses (50 mg) it reduced sleep latency, while increasing SE and TST.

High doses (50 and 100 mg) elicit undesirable side effects such as an increase in

reaction time, difficulty waking up, and reduced alertness following awakening; in

addition, it led to mild complaints of headaches and somnolence (Sun et al. 2013).
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With the purpose of assessing the effectiveness of orexin receptor antagonism as

a novel approach for treating insomnia, men and women, 18–64 years of age with

primary insomnia, based on Diagnostic and Statistical Manual of Mental Disorders,

4th edition, text revision (DSM-IV-TR) criteria, were enrolled in this clinical study.

They were given 10- and 30-mg tablets, along with their corresponding placebos,

in order to achieve doses of 10, 20, 40, and 80 mg per dose.

Suvorexant reduced sleep latency and increased the time patients spent asleep

after a single administration without reducing the number of awakenings after sleep

onset. The increase in total sleep time was mostly attributable to an increase in

REM sleep (Herring et al. 2012). The most frequent adverse effects were somno-

lence, headaches, dizziness, and abnormal dreams, all of which occurred in a dose-

dependent manner. In addition, there were no next-day residual effects, no rebound

insomnia, complex sleep-related behaviors, or withdrawal effects after 4 weeks.

Instead, during this study there were a few reports of sleep paralysis (n¼ 59, at

40 mg), and at high doses (80 mg), excessive daytime sleepiness (n¼ 61) and

hypnagogic hallucinations (n¼ 61) (Herring et al. 2012). These are symptoms of

narcolepsy, and should be carefully monitored due to the close association between

narcolepsy and the orexinergic system.

In general, suvorexant was well tolerated and, because the most consistently

effective dosages were 30 and 40 mg, the pharmaceutical company manufacturing

suvorexant submitted a dose range of 15–40 mg for FDA approval. However, the

FDA requested a lower starting dose of 10 mg for the general population and a 5 mg

dose for those taking concomitant CYP3A4 inhibitors (Table 2). Patients should

avoid taking other CYP3A medications while they are taking suvorexant. Potent

CYP3A inhibitors increase plasma concentrations, placing patients well above the

desired therapeutic threshold. Suvorexant is a mild inhibitor of CYP3A, but when

administered with CYP3A substrates, including oral contraceptives and warfarin, it

had minimal effects. As of August 2014, the FDA approved suvorexant (Belsomra,

Merk) in four different strengths -5, 10, 15, and 20 mg.

An advantage of suvorexant over previous insomnia therapies is the low poten-

tial for addiction or dependence.

2.3 Advantages of DORAs over Other Pharmacological
Alternatives

Based on these preclinical evaluations of structurally divergent DORAs, suvorexant

exhibits a pharmacokinetic profile predicted to be advantageous for the treatment of

insomnia. Analysis of the time course of suvorexant plasma concentrations deter-

mined in an early Phase I clinical trial indicates that concentrations sufficient for

efficacy in humans are restricted to normal sleep periods while efficacy is

maintained for a range of doses. Given their high OX2R occupancy threshold for

efficacy, DORAs require a plasma concentration sufficient to maintain occupancy
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in order to promote sleep throughout the resting period in humans (Table 2). For

suvorexant, this is achieved with a plasma concentration T1/2 exceeding 8 h.

Although insomnia is a common disorder, its underlying mechanisms are still

not fully understood. DORAs have been rationally designed specifically to promote

sleep by blocking wakefulness and thus alleviate the symptoms of insomnia while

minimizing potential off-target activity that occurs with widespread signaling via

GABA-A receptor modulators. By using antagonist compounds like suvorexant to

block the arousal-promoting effects of orexin signaling in the brain, the oscillation

in endogenous orexin pathway activation (highest signaling during active periods

and diminished signaling during normal sleep times) is modified to mimic more

closely the expected physiological state in normal sleep and wakefulness (Fig. 1).

One potential advantage of DORAs over classic insomnia treatments, such as

benzodiazepines, is the possibility of inducing a more physiological sleep (Lanoir

and Killam 1968; Borbély et al. 1985; Gaillard et al. 2009). For instance, while

DORAs enhance REM sleep, benzodiazepines have proven to suppress this sleep

stage. In addition, orexin antagonists appear to have a better side effect profile, with

mild complaints of headaches and dizziness being the most common. The only

exception appears to be almorexant, given the surprising suspension of clinical

trials. Although the reasons for halting clinical trials have not been disclosed to the

public, it is conceivable that the high doses required to achieve therapeutic effects

could also cause more severe adverse effects, not observed in other drugs that

require doses ten times smaller.

2.4 Considerations for Administering Orexin Antagonists

One of the most important questions when characterizing an orexin antagonist is

whether or not it elicits narcoleptic symptoms. Thus far, orexin antagonists have not

been observed to cause cataplexy in animal models or in human patients. Up until

now, reports of human patients complaining of sleep paralysis or hypnagogic

hallucinations have been scarce, only occurring with high doses of suvorexant.

As clinical trials progress, medical practitioners should still be on the alert for

symptoms of narcolepsy.

Also, because orexin antagonists have a novel mechanism of action, they have

the potential to improve insomnia in patients who have found other agents ineffec-

tive. Clinical studies now under way should better define the benefits and limita-

tions of orexin receptor antagonists.

Thus far, little information is publicly available on the adverse effects of orexin

antagonists, but on the basis of the available evidence and the predicted effects of

orexin blockade, one may anticipate that orexin antagonists will have a better

adverse event profile than many currently available hypnotics. Orexin antagonists

may have their own unique set of concerns, and additional clinical data are needed.

However, unlike benzodiazepines, they should have little potential for abuse or
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unsteady gait, and unlike sedating antidepressants, they are unlikely to cause

autonomic side effects such as orthostasis.

Morning or daytime sleepiness may be a concern for drugs that continue to block

orexin signaling upon awakening. Possibly, this sleepiness would present differ-

ently from how it presents with benzodiazepines because people with narcolepsy

often feel alert upon awakening and then sleepy later in the day. Thus, in clinical

trials, it will be important to monitor sleepiness during the entire day, not just in the

morning.

Unlike other hypnotics, orexin antagonists may cause some dysregulation of

REM sleep as is encountered in narcolepsy. Hypnagogic hallucinations and sleep

paralysis could occur around the onset of sleep or upon awakening, although they

have not been reported. In general, these symptoms are disturbing but fleeting, and

they should be manageable with patient education and dose reduction. The potential

for cataplexy is a bigger concern because a sudden fall could produce injury, yet

people with narcolepsy rarely have cataplexy during their sleep period, and no

cataplexy was observed with almorexant in rats, dogs, and humans despite high

levels of receptor blockade. However, these studies may have overlooked a ten-

dency for cataplexy because it is usually triggered by strong, positive emotions

(e.g., laughing at a great joke) and it is hard to elicit in the lab. In addition, animals

and subjects were allowed to sleep in most studies, which could have masked any

tendency toward cataplexy. Most likely, cataplexy will be a concern only in unusual

circumstances inconsistent with intended clinical use, such as if a patient is wide

awake and socializing after taking a high dose of an orexin antagonist.

Considering that orexins promote wakefulness and suppress REM sleep, one

might find it odd and surprising that some people with narcolepsy can have

moderately fragmented sleep, sleepwalking during nREM sleep, and movements

during REM sleep known as REM sleep behavior disorder. Possibly, these symp-

toms are a consequence of chronic orexin deficiency or injury to neurons other than

those producing orexins. As these symptoms are hard to explain with current

models, predicting whether they may occur with orexin antagonists is difficult.

However, in dogs, almorexant increased twitching of distal parts of the limbs during

sleep, and clinical studies should monitor for movements or other disruptions of

sleep.

Orexin signaling seems to enhance activity in the mesolimbic pathways that

regulate reward and motivation, and reduced activity in this system could worsen

mood or motivation. People with narcolepsy may have a higher prevalence of

depression, although it is unknown if this is a direct consequence of reduced orexin

signaling or a response to the challenge of having a chronic illness. Alternatively,

better sleep in patients with depression could improve mood. As many patients with

insomnia have depression, clinicians should watch for any changes in mood.

Benzodiazepines can depress respiration and worsen obstructive sleep apnea or

severe lung disease, and overdose can be fatal, especially if used in combination

with alcohol or other sedatives (Gaillard et al. 2009). As orexin knockout mice have

relatively normal baseline ventilation (Kalogiannis et al. 2011), it seems unlikely

that orexin antagonists would significantly reduce respiratory drive. However, they
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may reduce the response to hypercarbia. High levels of CO2 increase respiratory

rate and tidal volume, and orexin antagonists can blunt this response, especially

during wakefulness. Thus it may be wise to closely evaluate orexin antagonists in

patients with hypercarbia, such as individuals with severe chronic obstructive

pulmonary disease (COPD) or respiratory muscle weakness.

Whether orexin affects appetite or metabolism in humans remains unclear, but

people and mice with narcolepsy tend to be slightly overweight despite apparently

eating less than normal. Thus orexin deficiency may lower metabolic rate, and

orexin antagonists could promote mild weight gain if administered chronically. In

practice, orexin antagonists will be mainly given at night, and normal orexin

signaling during the day should offset any reductions in metabolism or hunger at

night.

Sedating antidepressants can produce unsteady gait, dizziness, and falls, but

these are unlikely to be concerns with orexin antagonists as the cerebellum and

vestibular nuclei essentially lack orexin fibers and receptors (Peyron et al. 1998).

Orexin knockout mice run at a normal speed, and rats treated with almorexant

balance well on a rotating rod. Studies of almorexant in humans have shown only

small increases in body sway 1–3 h after dosing, so it seems unlikely that orexin

antagonists will substantially increase the risk of falls.

Orexin antagonists should probably be avoided in patients with narcolepsy

because they could worsen some of the patients’ symptoms. These compounds

might also have a higher risk of producing narcolepsy-like effects during the day in

other disorders in which the orexin-producing neurons are injured, such as

Parkinson’s disease and severe traumatic brain injury. Thus in those patients,

clinicians might consider initiating treatment with low doses.

Some researchers have questioned whether there is value in producing behav-

ioral effects similar to narcolepsy, but overall, it appears that orexin antagonists

should promote sleep with fewer and less harmful side effects than many current

hypnotics. Ongoing clinical trials are watching closely for any symptoms related to

dysregulation of REM sleep, and watching for fragmented sleep, movements during

sleep, and worsening mood will also be important. Daytime sedation should not be

much of a concern for compounds with favorable kinetics that permit normal orexin

signaling during the day.

In addition, orexin enhances activity in mesolimbic pathways regulating reward

and motivation; reduced activity in the orexin system could theoretically worsen

mood or motivation. This would dictate cautious use in patients with underlying

mood disorders especially since there were reports of suicidal ideation in high-dose

suvorexant studies. Orexin receptor antagonists may offer yet another viable option

for the pharmacological management of insomnia. Longer-term studies and head-

to-head comparisons with existing hypnotics will be crucial to determine the

benefit–risk ratio of these agents.
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Conclusion

Although benzodiazepines and non-benzodiazepines are effective for insom-

nia, their adverse effect profiles and recommended limitations on long-term

use may prompt patients and clinicians to seek other options. Patients who

experience both sleep onset and sleep maintenance insomnia may be partic-

ularly challenging to treat. The recent discovery of orexins and their receptors

has led to the development of new therapy targets. Evidence suggests that

some of these medications offer a sustained benefit for patients with symp-

toms of chronic insomnia (Suvorexant in particular, which has a unique

clinical profile).

We know of no evidence that people with insomnia have abnormally high

orexin tone, but under most conditions, any reduction in orexin signaling

should make it easier to fall asleep and to return to sleep.

Since orexin activity is highest during active wakefulness, not during sleep

periods, these agents may be ineffective for certain types of insomnia. These

drugs might be especially effective in shift workers or individuals with jet lag

who are trying to sleep during their biological active period when orexin tone

is high. They may also be helpful in the many insomnia patients who have

high sympathetic tone because high sympathetic tone delays the onset of

sleep and sympathetic activation may promote arousal by exciting the orexin

neurons. These agents may also be chosen preferentially in the elderly to

avoid gait disturbances and confusion and in those with substance abuse

histories to avoid dependence and abuse. Benzodiazepines can cause imbal-

ance and confusion, and orexin antagonists may be a good choice for some

older patients because they may be less likely to cause these side effects. On

the other hand, drugs that block orexin signaling may be less effective in

people suffering from insomnia caused by anxiety or pain; there is no

evidence that orexin antagonists reduce anxiety or raise sensory thresholds

as benzodiazepines do.

The better understanding of the biology of the orexin/hypocretin system

has promoted drug discovery programs in several pharmaceutical companies,

resulting in a series of patents and compounds with different selectivity and

in vitro characteristics. Targeting the orexin receptor is now entering a

translational pipeline, and we believe that orexin antagonists as a treatment

modality in insomnia management will be the gold standard in the near

future, especially for DORAs.
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Part III

Drugs to Treat Excessive Daytime
Sleepiness



Modafinil and Armodafinil

Karel Šonka, Peter Š�oš, and Marek Susta

1 Introduction

1.1 Excessive Daytime Sleepiness

Wakefulness of adequately long duration and quality is in every respect essential

for good quality of life. Inadequately low wakefulness named excessive daytime

sleepiness (EDS) is defined as a reduced ability to maintain continuous wakefulness

during the day. EDS may take the form of lapses into sleep or as periods of

somnolence leading to sleep onset in favorable circumstances and longer total

duration of sleep within 24 h. EDS lowers the quality of life and complicates or

disallows many regular activities.

Treatment of EDS starts with the identification of its cause and correction of all

behavior bugs including avoidance of inappropriate drugs and substances. In case

of a primary form of EDS a symptomatic therapy is the only option. The objective

of any treatment is to eliminate EDS and to produce the best possible normal

function for patients at workplace, school, at home, and society in general.

Historically, the most widely used and the most effective compounds to treat

EDS were the amphetamine-like CNS stimulants (methamphetamine, dexampheta-

mine, and methylphenidate). Some of these drugs were withdrawn from markets in

certain countries because of the risk of misuse and dependence. However, the use of
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the modafinil has considerably increased over the last years because of its favorable

side-effect profile and several large controlled trials. Nowadays modafinil is the most

frequently used drug for the treatment of EDS in narcolepsy.

1.2 History of Modafinil and Armodafinil

The story of modafinil started in 1974 in France. Two chemists—Assous and

Gombert from Laboratoires Lafon—screened molecules in search of analgesics

and discovered a new molecule, adrafinil [(diphenylmethyl)sulfinyl-

2acetohydroxamic acid]. The pharmacological testing of adrafinil was performed

later by pharmacologists from Laboratoires Lafon Duteil and Rambert who found

out that mice treated with adrafinil exhibited hyperactivity (Duteil et al. 1979).

Adrafinil was then tested by Michel Jouvet and coworkers on cats and later on by

Milhaud and Klein on monkeys. An increase of electroencephalographic wakeful-

ness was found by the first group and an increase of the nocturnal activity by the

second one. In 1977–1978, Jouvet prescribed adrafinil to narcoleptic patients with

inconsistent results (Billiard et al. 2007).

Meanwhile, in 1976, an active metabolite of adrafinil, modafinil

[2-(diphenylmethyl)sulfinylacetamide] (Fig. 1), was discovered and this new mol-

ecule appeared more efficient than adrafinil. Modafinil went through the same steps

of development leading to the demonstration of a dose-dependent increase in

locomotor activity in mice (Duteil et al. 1990), an increase of electroencephalo-

graphic wakefulness in cats (Lin et al. 1992), an increase of electroencephalo-

graphic wakefulness (Lagarde and Milhaud 1990), and an increase in nocturnal

activity and in behavioral arousal without stereotyped behavior (Hermant

et al. 1991) in rhesus monkeys. As soon as early 1983 Jouvet prescribed modafinil

to narcoleptic and idiopathic hypersomnia patients. The results surpassed expecta-

tions. In 1984 Laboratoire Lafon decided to start clinical trials in both healthy

volunteers and narcoleptics. First studies of modafinil on night sleep and daytime

sleepiness in healthy volunteers were conducted by Goldenberg et al. (1987) and

Saletu et al. (1989). Goldenberg and her colleagues found decreased total sleep

time, decreased NREM stages 3 and 4, no modification of REM sleep, and no

rebound phenomenon after a single evening dose of modafinil 200 mg or placebo in

parallel groups. In addition, sleep latency on the multiple sleep latency test (MSLT)

increased in every single session following a single dose of modafinil, 200 mg at

Fig. 1 Chemical structure of modafinil
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10 a.m. Saletu with his coworkers compared the effect of modafinil on nocturnal

sleep in 100 and 200 mg dosage with D-amphetamine 10 and 20 mg and placebo.

Drop in sleep efficiency was much smaller in modafinil compared to amphetamines.

Studies in healthy volunteers were accompanied by open-label trials in subjects

with narcolepsy and idiopathic hypersomnia performed in different research cen-

ters—the first study and the first clinical publication on modafinil came from

Jouvet’s center in Lyon (Bastuji and Jouvet 1988). These studies and the first

multicenter, randomized, placebo-controlled study (Billiard et al. 1994) led to the

official registration of modafinil in France in June 1992 followed by its commercial

availability there, from September 1994 (Billiard et al. 2007).

Further research including preclinical, phase I trials and multicenter, random-

ized, placebo-controlled studies were conducted by Cephalon who originally leased

the rights from Lafon in 1993, but eventually purchased the company in 2001.

Modafinil received orphan drug status in the USA in 1993 and became there

commercially available in 1998 (Thorpy 2007). Other European countries made

modafinil available in late 1990s. In 2007, Cephalon began to market the

R-enantiomer of modafinil called armodafinil in the USA. After protracted patent

litigation and negotiations, generic versions of modafinil became available in the

USA in 2012. In 2011 Teva took over the Cephalon Company with all products

including modafinil and armodafinil.

2 Modafinil Pharmacology and Mode of Action

2.1 Pharmacology

Classical central nervous stimulants (wake-promoting agents) are based on amphet-

amine. Amphetamine has a simple chemical structure resembling endogenous

catecholamines and its major mode of action is an increase of catecholamine

(dopamine and norepinephrine but also to a lesser extent serotonin) release and

inhibition of catecholamine reuptake. This results in an increase in catecholamine

concentration in the synaptic cleft and enhances postsynaptic stimulation. The

presynaptic modulations by amphetamines are mediated by specific catecholamine

transporters. These transporters—the dopamine transporter (DAT) and the norepi-

nephrine transporter (NET)—move normally dopamine and norepinephrine from

the outside to the inside of the cell and amphetamines can reverse the direction of

this transport. The side effect of amphetamines is mediated mostly by release of

norepinephrine, which stimulates indirectly alpha- and beta-adrenergic receptors.

Alpha-adrenergic stimulation produces vasoconstriction, increasing thereby sys-

tolic and diastolic blood pressure. In large doses tachycardia and cardiac arrhythmia

may occur. Other side effects include mild gastrointestinal disturbances, anorexia,

dryness of the mouth, insomnia and restlessness, headache, palpitations, anxiety,

and vasomotor disturbances. D-amphetamine isomers are more active than isomers
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of the L-type, and have more effects on dopaminergic synapses than on other

monoaminergic synapses (Nishino and Mignot 2011; Mignot 2012).

2.2 Mechanism of Action

The precise mechanism of modafinil wakefulness promotion is unknown. Modafinil

has weak to negligible interactions with receptors for norepinephrine, serotonin,

dopamine, GABA, adenosine, histamine-3, melatonin, and benzodiazepines.

Modafinil also does not inhibit activity of MAO-B or phosphodiesterases II–V.

Modafinil is not a direct- or indirect-acting dopamine receptor agonist. However,

in vitro, modafinil binds to the DAT and inhibits dopamine reuptake. This activity

has been associated in vivo with increased extracellular dopamine levels in some

brain regions of animals. In genetically engineered mice lacking the DAT,

modafinil lacked wake-promoting activity, suggesting that this activity is DAT

dependent. Modafinil appears to reduce GABA levels and increase glutamate and

serotonin levels in the cortex indirectly, but these activities do not appear to be

involved in the clinical effect of modafinil. Modafinil administration increases

C-fos activity in the wake-promoting hypothalamic brain regions including

hypocretin neurons, in tuberomammillary and suprachiasmatic nuclei, and at higher

doses in the striatum and cingulate cortex. Optical enantiomers of modafinil have

similar pharmacological actions in animals (FDA 2007; Monderer and Thorpy

2011).

2.3 Pharmacokinetics and Metabolism

Modafinil is a racemic compound, whose enantiomers have different

pharmacokinetics.

Modafinil is rapidly absorbed (plasma concentrations peaking in 2–4 h) and

slowly cleared. It bounds to plasma proteins at 60 % and its volume distribution is

0.8–0.9 l/kg, suggesting that the compound is readily able to penetrate into tissues.

Its half-life ranges from 9 to 14 h. The R enantiomer of modafinil (armodafinil) has

a longer half-life (10–15 h) than S enantiomer (3–4 h).

60–90 % of modafinil is converted in liver to inactive metabolites with subse-

quent renal elimination. Metabolism primarily utilizes cytochrome P-450 3A4/5.

Induction of metabolizing enzymes, most importantly P-450 (CYP) 3A4, has been

observed in vitro and in vivo after extended administration of modafinil at 400 mg/

day.

Modafinil exhibit linear kinetics upon multiple dosing of 200–600 mg/day once

daily in healthy volunteers. Apparent steady states of racemic modafinil are reached

after 2–4 days of dosing (Nishino and Mignot 2011; FDA 2007).
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3 Clinical Involvement of Modafinil and Armodafinil

EDS is a symptom and can be related to many conditions, but only some of these

can be treated symptomatically by modafinil. The following diseases will be

mentioned in detail below: narcolepsy type 1 and 2, idiopathic hypersomnia,

residual hypersomnia in patients with adequately treated obstructive sleep apnea

(OSA), hypersomnia associated with Parkinson’s disease (PD), multiple sclerosis

(MS), posttraumatic hypersomnia, and shift work disorder.

Armodafinil is targeting the same indications as the racemic form of the drug—

modafinil.

3.1 Narcolepsy

Narcolepsy is a disabling lifelong sleep disorder with EDS as the main symptom.

There are two forms (independent nosological entities with different pathophysiol-

ogy) of narcolepsy. Narcolepsy type 1 (narcolepsy with cataplexy) and narcolepsy

type 2 (narcolepsy without cataplexy) with the same clinical manifestation of EDS.

Narcolepsy type 1 symptoms include not only sleepiness but also abnormal rapid-

eye movement (REM) sleep manifestations, including cataplexy (short-lasting

symmetrical loss of muscle strength caused by emotional trigger), sleep paralysis,

and hypnagogic hallucinations. The disappearance of hypothalamic hypocretin-

producing neurons at the disease onset is the main etiopathogenic factor of

narcolepsy type 1. Narcolepsy type 2 is clinically characterized by sleepiness,

and absence of cataplexies. Its etiopathogenesis is unknown. Narcolepsy type

1 and type 2 belong to the group of central disorders of hypersomnolence according

to the International Classification of Sleep Disorders, third edition (American

Academy of Sleep Medicine 2014).

EDS is the most inconveniencing symptom in narcolepsy. Both forms of narco-

lepsy share the same objective criteria of EDS in MSLT: mean sleep latency

<8 min and the presence of REM sleep in two or more measurements within

MSLT, REM sleep episode within 15 minutes of sleep onset on the preceding

nocturnal polysomnogram may replace one of the SOREMPs on the MSLT

(American Academy of Sleep Medicine 2014). MSLT consists of five 20 min

long opportunities to sleep for 15 min. Clinical picture of EDS in both types

includes episodes of sleepiness followed by sleep in conditions favorable or even

unfavorable for sleeping, sleep attacks with and without preceding sleepiness, and

automatic behavior. Naps are usually of short duration and the patient wakes up

feeling refreshed. There is no causal treatment of sleepiness and of REM sleep

manifestations in narcolepsy.
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3.1.1 Modafinil in Narcolepsy

The first multicenter, randomized, placebo-controlled trial of modafinil was

performed in patients suffering from narcolepsy type 1 in four research centers in

France and Canada. Subjects were either drug naive or had discontinued

psychostimulant medication for at least 14 days prior to the study. Modafinil was

administered in a double-blind crossover design, at a dosage of 300 mg versus

placebo. The duration of the study was 12 weeks with the 4-week treatment/placebo

periods. Sleep logs did not show any modification of night sleep, but a reduction of

both daytime sleepiness and overwhelming episodes of sleep. Cataplexy remained

unchanged. There was a significant improvement of the sleep latencies measured by

maintenance of wakefulness test (MWT) in modafinil compared to placebo (Bil-

liard et al. 1994).

Subsequently in Canada, 75 patients with narcolepsy enrolled into a 6-week,

three-period, randomized, crossover, placebo-controlled trial. Patients received

placebo, modafinil 200 mg, or modafinil 400 mg in divided doses (morning and

noon). Evaluations occurred at baseline and at the end of each 2-week period.

Compared with placebo, modafinil 200 and 400 mg significantly increased the

mean sleep latency on the MWT by 40 and 54 %, with no significant difference

between the two doses. Modafinil, 200 and 400 mg, also reduced the combined

number of daytime sleep episodes and periods of severe sleepiness noted in sleep

logs. The likelihood of falling asleep as measured by the Epworth Sleepiness Scale

(ESS) was equally reduced by both modafinil dose levels. There was no effect on

nocturnal sleep. Neither dose interfered with the patients’ ability to nap voluntarily

during the day or with nocturnal sleep quantity or quality. Modafinil caused no

changes in blood pressure or heart rate in either normotensive or hypertensive

patients. The only significant adverse effects were observed at the 400 mg dose

associated with more frequent nausea and nervousness than either placebo or the

200 mg dose (Broughton et al. 1997).

The U.S. Modafinil in Narcolepsy Multicenter Study Group conducted two

double-blind, placebo-controlled studies in narcolepsy (U.S. Modafinil in Narco-

lepsy Multicenter Study Group 1998, 2000); they were similarly designed, with

identical end points that measured both objective and subjective sleepiness, as well

as overall clinical condition. Each trial (one conducted in 18 research centers and

one in 21 centers) used as primary end points the MWT and the Clinical Global

Impression of Change (CGI-C). MSLT and ESS were the secondary end points. The

duration of each U.S. narcolepsy trial lasted for 9 weeks with visits scheduled every

3 weeks. A total of 558 patients were included in the efficacy analyses of these

trials, and randomized to placebo, modafinil 200 mg, or modafinil 400 mg. Eighty-

one percent of patients had also cataplexy, but only patients without anticataplectic

treatment were included. Combined results of these two studies showed that mean

sleep latency on the MWT increased by more than 2 min in each treatment group,

compared with a decrease of 0.7 min in the placebo group. A significantly higher

percentage of modafinil patients showed improvement in overall clinical condition
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in the CGI-C (61–66 % vs. 37 % for placebo). The 18-center study used only a

1-day titration period for the 400 mg group and a higher percentage of patients in

the 400 mg group withdrew due to adverse events compared with the 200 mg and

placebo groups (12 % vs. 1 % and 0 %, respectively). A more refined step-up

protocol lasting 9 days was planned in the subsequent study and only 1 % of the

400 mg group withdrew due to adverse effects. Similar objective improvements

were seen on the MSLT and on the ESS. No dose–response effect was seen for the

400 mg dose compared with the 200 mg dose in either study. There were no

significant changes in nocturnal sleep parameters. The 21-center study included a

2-week treatment discontinuation phase to determine the effect of withdrawal from

modafinil. During the discontinuation period, subjects experienced a loss of

improvement in wakefulness that had been seen over the course of the study. No

symptoms of tolerance or abrupt withdrawal were reported. The consistency of

response on the same measures between trial and improvement across variety of

measures within each trial were significant. Absolute changes from baseline on the

MWT and MSLT may appear small; however, these tests are done in settings

designed to maximize the likelihood of sleep onset. Under these conditions, small

increases in sleep latency can represent clinically significant improvements in

wakefulness (U.S. Modafinil in Narcolepsy Multicenter Study Group 1998, 2000;

Monderer and Thorpy 2011).

The results of the U.S. modafinil trials corroborate those by a group of Canadian

investigators in a randomized, double-blind, placebo-controlled, 6-week trial. In

this trial, consisting of three 2-week crossover phases, significant improvements

were seen on the MWT and ESS at 200 and 400 mg doses, given twice daily in the

morning and at noon. This trial also failed to show dose-dependent therapeutic

effect (Moldofsky et al. 2000).

Further studies were performed to determinate the optimal dosing protocols for

modafinil in narcolepsy (Monderer and Thorpy 2011). While the original US

placebo-controlled studies showed no dose–response effect for 400 mg compared

to 200 mg, a later study, using a modified version of the MWT that included an

evening test session, demonstrated significantly improved evening wakefulness

with the 400 mg dose (whether in a single dose or divided dose) compared to the

200 mg dose. The greatest improvement in evening wakefulness was seen with the

400 mg split-dose regimen, as compared to the 200 and 400 mg once-daily regimen

(Schwartz et al. 2003a). Next study looking at dosing effects of 600 mg split-dose

regimen (400 mg in the morning and 200 mg in the early afternoon) was found to

achieve more sustained wakefulness throughout the day compared to 400 mg once

daily (Schwartz et al. 2004). A third study showed that split-dose regimens of either

400 mg in the morning and 200 mg at noon or 200 mg both in the morning and at

noon were superior to a single dose of 200 mg in the morning (Schwartz

et al. 2005).

A small double-blind crossover study with 300 mg modafinil showed a decrease

of EDS measured by MWT and also improvement of psychomotor performances

involving attention (Besset et al. 1993). This result is in line with new finding of
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improvement of driving abilities in patients suffering from narcolepsy and idio-

pathic hypersomnia (Philip et al. 2014).

3.1.2 Armodafinil in Narcolepsy

Patients receiving armodafinil 150 and 250 mg/day in a large randomized, placebo-

controlled study of 196 patients with narcolepsy experienced increased MWTmean

sleep latency compared to placebo. These changes were seen at all time points for

the 150 mg dose, but statistical significance was not reached at weeks 8 and 12 for

the 250 mg group. The CGI-S showed improvement at the final visit in both

armodafinil groups as well as the ESS scores. Memory, attention, and fatigue

showed statistically significant improvement with both doses of armodafinil

(Harsh et al. 2006). Armodafinil administered for 12 months or more was generally

well tolerated and improved wakefulness and the overall clinical condition in

patients with narcolepsy (Schwartz et al. 2010).

Long-term efficacy of modafinil and armodafinil in narcolepsy was well

documented by open-label studies (Besset et al. 1996; Black et al. 2010).

Modafinil and armodafinil are recommended as EDS treatment in narcolepsy by

the American Academy of Sleep Medicine (AASM) (Morgenthaler et al. 2007).

Modafinil is recommended as EDS treatment in narcolepsy by European Federation

of Neurological Societies (Billiard et al. 2006).

3.2 Idiopathic Hypersomnia

Idiopathic hypersomnia (IH) is also a primary disorder of hypersomnolence differ-

ing from narcolepsy by the lack of REM sleep disturbances, but the MSLT criterion

of mean sleep latency<8 min remains the same (American Academy of Sleep

Medicine 2014). IH is a rare lifelong sleep disorder. Persisting EDS cannot be

compensated by sleep. IH patients suffer from the impaired quality of life and

psychosocial consequences as narcolepsy patients (Ozaki et al. 2012). However,

some studies in IH patients used criteria that did not include MSLT tests. The first

trial with modafinil in IH was performed as an open-label study in Lyon, France

(Bastuji and Jouvet 1988). 18 patients participated in the study and modafinil was

administered in the morning and at noon. The dose varied from 200 to 500 mg/day

according to the patient’s weight and the severity of the symptoms. The number of

drowsiness and sleep episodes during daytime was significantly reduced in

15 patients. It took 25 years to have next prospective trials in IH.

Recently, a multicenter study has been performed in 31 adult patients with

idiopathic hypersomnia without long sleep time, 14 on modafinil and 17 on placebo.

Modafinil 200 mg given in the morning improved ESS and CGI-C compared to

placebo and led to a nonsignificant increase in the mean sleep latency on the MWT

(Mayer et al. 2013).
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There are two large observational studies available (Anderson et al. 2007; Ali

et al. 2009). Both studies show the good response rate between 60 and 70 %. Recent

French study compared benefits and risks of modafinil in consecutive patients

suffering from IH and narcolepsy with cataplexy. The improvement of ESS was

similar and sudden loss of efficacy and habituation were rare in both. Patients with

IH reported similar but more frequent adverse effects with modafinil than narco-

lepsy patients: nervousness (14 %), palpitations (13 %), and headache (11 %)

(Lavault et al. 2011).

Modafinil is mentioned in AASM practice parameters for the treatment of

narcolepsy and hypersomnias of central origin as an optional therapy for treatment

of daytime sleepiness due to IH (Morgenthaler et al. 2007).

A randomized, crossover, double-blind placebo-controlled trial has been

conducted among 13 patients with narcolepsy and 14 patients with IH. Patients

were randomly assigned to receive modafinil (400 mg) or placebo for 5 days prior to

the driving test. Each treatment period was separated by at least 3 weeks of

washout. Modafinil improved driving performance judged on the number of Inap-

propriate Line Crossings and Standard Deviation of Lateral Position of the vehicle

as well as the mean sleep latency on the MWT. MWTmean sleep latency correlated

with the mean number of Inappropriate Line Crossings (Philip et al. 2014). This

finding is very important because patients with EDS are at high risk for driving

accidents, and physicians are concerned by the effect of alerting drugs on driving

skills of sleepy patients.

3.3 Residual Hypersomnia in Patients with Adequately
Treated Obstructive Sleep Apnea (OSA)

Some patients with OSA report persistent sleepiness despite optimal treatment of

their sleep apnea (usually continuous positive airway pressure—CPAP) (Sforza and

Krieger 1992). Modafinil and armodafinil are the only drugs successfully studied in

alleviating EDS in OSA.

A 4-week randomized, double-blind, placebo-controlled, parallel group study

evaluated the efficacy of modafinil (the first week 200 mg/day, the second to fourth

week 400 mg/day) in patients with OSA (respiratory disturbances index—RDI

�15) and residual EDS while compliant with CPAP therapy (CPAP usage�4 h

per night on 70 % of nights). Mean changes from baseline in ESS at weeks 1 and

4 displayed a greater improvement in EDS in patients on modafinil compared to

those on placebo. At week 4, 51 % of subjects on modafinil had an ESS within

normal range (<10) as compared to 27 % in the placebo group. Furthermore, at

week 4, the mean sleep latency on MSLT improved from a baseline of 7.4–8.6 min

in modafinil group as compared to a decrease from 7.5 to 7.2 min in placebo group.

CGI-C ratings were significantly more improved in the modafinil group as com-

pared with the placebo group. There was a small increase in the arousal index in
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patients receiving modafinil compared to controls, but no change in either group in

the number of hours of CPAP use (Pack et al. 2001). During the follow-up 12-week

open-label study the significant improvement seen on the ESS during the 4-week

study was maintained and more than 93 % of patients clinically improved on the

CGI-C from weeks 2–12 of the open-label study. However, unlike the previous

study, there was a small but significant drop in the mean nightly CPAP use (from

6.3 to 5.9 h) (Schwartz et al. 2003c).

A smaller and shorter randomized, double-blind, placebo-controlled crossover

study in subjects suffering from OSA compliant with CPAP with 400 mg of

modafinil and placebo showed only improvement on MWT and no effect on either

the MSLT or ESS and on quality of life (SF-36) or Functional Outcomes of Sleep

Questionnaire (FOSQ) or cognitive performance. Patients on modafinil again

mildly reduced the CPAP use (Kingshott et al. 2001).

A more recent, 12-week double-blind, placebo-controlled study was conducted

with 309 OSA patients compliant with CPAP who were randomized to receive

either 400 or 200 mg of modafinil or placebo. Wakefulness was significantly

improved on the MSLT with both the 400 and 200 mg of modafinil as compared

to control on weeks 4, 8, and 12. The ESS scores decreased by 4.5 in both modafinil

groups in contrast to the placebo group, which had a 1.8-point decrease. CGI-C

improved in 61 and 68 % of patients on modafinil, respectively, as compared with

37 % on placebo. Vigilance, general productivity, and activity level subscale scores

on FOSQ improved with modafinil. The therapy did not change hours of nightly

CPAP use (Black and Hirshkowitz 2005).

Two large 12-week randomized, double-blind, placebo-controlled studies eval-

uated armodafinil in the treatment of residual EDS in patients with OSA on CPAP.

Patients had ESS score �10 and apnea/hypopnea index �10 in polysomnogram

with CPAP and sufficient regular CPAP use (Roth et al. 2006; Hirshkowitz

et al. 2007). The results of these two studies (651 patients) were analyzed together

in the subsequent paper (Roth et al. 2008). Armodafinil improved wakefulness as

measured by mean sleep latency on MWT at week 4, 8, and 12. Armodafinil also

improved late-day (afternoon) wakefulness on MWT at the final visit. ESS was

improved at all visits in the armodafinil group and at week 12, 49 % of patients in

armodafinil group had an ESS� 10 compared to 26 % in the placebo group. The

quality (not the speed) of long-term memory was improved compared to placebo;

however, the power of attention and continuity of attention between treatment

groups were not significantly different. Global fatigue scores were improved in

both armodafinil groups. However a significant reduction of hours of nightly CPAP

use in the armodafinil group was observed. The night sleep variables were in both

groups the same (Roth et al. 2008).

A long-term open-label study with armodafinil (50–250 mg/day) in OSA

patients showed permanent efficacy and adverse effect of mild-to-moderate inten-

sity (Black et al. 2010).

A recent randomized placebo-controlled crossover trial showed in patients with

untreated mild-to-moderate OSA that modafinil significantly improved subjective

sleepiness. The size of this effect is clinically relevant at 3–4 ESS points of
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improvement. Driving simulator performance and reaction time also improved on

modafinil (Chapman et al. 2014).

One must take into account that modafinil does not treat the primary disease and

that the improvement of residual sleepiness may diminish compliance to the

positive airway pressure therapy and patients need usual regular supervision.

Modafinil is recommended as the treatment of residual EDS in OSA by AASM

(Morgenthaler et al. 2006); in the USA modafinil is registered for this indication,

but not in European Community (EU).

3.4 Hypersomnia Secondary to Parkinson’s Disease (PD)

Significant hypersomnolence documented by MSLT has been reported in some

cases of PD.

Modafinil was found to be effective in the treatment of EDS in PD (ESS and

CGI-C) by two double-blind studies with doses of 100–200 mg/day (Hogl

et al. 2002; Adler et al. 2003), but a larger double-blind placebo-controlled study

failed to find significant improvement of ESS or MSLT with modafinil 200–

400 mg/day (Ondo et al. 2005).

Later a small randomized, open-label 8-week study of 19 subjects with PD

demonstrated that although modafinil may be effective in reducing physical fatiga-

bility, it did not improve fatigue symptoms and did not change ESS (Lou

et al. 2009).

Modafinil 100 mg twice a day was safe and modestly effective for the treatment

of EDS in the elderly according to naturalistic open-label 3 weeks study in 10 PD

patients (Lokk 2010). This result is not congruent with other open-label studies

showing the lack of the effect of modafinil on EDS in PD (Nieves and Lang 2002).

Due to inconsistent results modafinil cannot be recommended generally for the

treatment of EDS and fatigue in PD (Sheng et al. 2013). Nevertheless, modafinil has

mild side effects, does not modify PD course, and thus can be taken in consideration

as off-label therapy in PD subjects handicapped by EDS.

3.5 Posttraumatic Hypersomnia

Hypersomnolence appears to be common consequence of traumatic brain injury

(TBI), with one meta-analysis suggesting a frequency of 28 % of TBI patients. In

some cases this may be caused by injury to the hypocretin/orexin neurons or other

wake-promoting neural systems.

A double-blind, placebo-controlled crossover trial, where 53 participants with

TBI were randomly assigned to receive up to 400 mg of modafinil or placebo,

showed sporadic statistically significant differences, but there was no clear benefi-

cial pattern from modafinil for any of the 12 outcomes (Jha et al. 2008). Another
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prospective, double-blind, randomized, placebo-controlled study with 100 and

200 mg of modafinil in 20 patients with TBI who had fatigue or EDS or both

included the ESS, the Fatigue Severity Scale, actigraphy, polysomnography, MWT,

and Psychomotor Vigilance Test (PVT). The results indicate that modafinil is

effective and well tolerated in the treatment of posttraumatic EDS but not the

fatigue (Kaiser et al. 2010).

More studies are needed to elucidate the effectiveness of modafinil in traumatic

brain injury.

3.6 Multiple Sclerosis (MS)

Fatigue is a common and disabling feature of multiple sclerosis and anecdotally

patients with MS suffer from EDS.

A single-blind study with 72 patients found improvement on fatigue measures

with 200 mg of modafinil compared to placebo, but not with the 400 mg dose. ESS

was reduced in both 200 and 400 mg arms, but ESS was already in normal range

(Rammohan et al. 2002). This result is supported by another small study (Brioschi

et al. 2009) but not by another one (Ledinek et al. 2013). A recent retrospective

study displayed that modafinil was most effective for patients with fatigue and also

EDS (Littleton et al. 2010). Nevertheless, randomized placebo-controlled studies

failed to demonstrate the effect of modafinil on fatigue in MS (Moller et al. 2011;

Stankoff et al. 2005). Niepel and coworkers speculate that the anti-fatigue effect of

modafinil may reflect the activation of the noradrenergic locus coeruleus, since this

wakefulness-promoting nucleus is damaged in MS (Niepel et al. 2013).

The evidence of effectiveness of modafinil on fatigue and EDS in MS is not yet

sufficient for modafinil to be recommended (Sheng et al. 2013), but in selected

patients suffering from EDS in MS modafinil may be taken in consideration as an

off-label therapy.

Two double-blind, placebo-controlled studies showed the effect of either

8 weeks of modafinil or 1 week of armodafinil on cognitive performance in patients

with MS (Bruce et al. 2012; Lange et al. 2009). The effect of modafinil and

armodafinil on cognitive functions in MS merits future research.

3.7 Shift Work Disorder

Shift work disorder is characterized by complaints of insomnia or excessive sleep-

iness during work hours that take place, at least in part, during the usual sleep time.

Three randomized, double-blind, placebo controlled trials were conducted to

evaluate the effect of 200–300 mg of modafinil given prior to their night shift. The

first study was short-lasting and simulated the real life in laboratory conditions and

two remaining were 12-week studies in real conditions. These studies showed
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improvement in vigilance measured by modified MWT, by PVT and CGI-C, and

improvement in both the quality of life and FOSQ (Walsh et al. 2004; Czeisler

et al. 2005; Erman et al. 2007).

Armodafinil studied in similar 12-week randomized controlled study confirmed

similarly beneficial effect and EDS reduction on the way home after night shift. The

study also showed improvement of long-term memory and attention (Czeisler

et al. 2009).

The improvements from baseline in efficacy assessments started at month 1 and

were maintained throughout the open-label study lasting 12 months and more

(Black et al. 2010).

Modafinil is registered as the treatment of shift work disorder in the USA but not

in the EU. It should be pointed out that the best treatment of the shift work disorder

is to quit such job.

3.8 Depression

Sleep disturbances including EDS and fatigue are common symptoms of depression

which may persist despite treatment with antidepressant medication.

Modafinil is an effective augmentation strategy for acute depressive episodes,

including for symptoms of fatigue, in both unipolar and bipolar affective disorders.

The meta-analysis of 6 randomized controlled studies, with a total of 910 patients

with major depressive disorder or bipolar depression, revealed effects of modafinil

on improvements in overall depression scores and remission rates. The treatment

effects were evident in both major depressive disorder and bipolar depression, with

no difference between both disorders. Modafinil showed a significant positive effect

on fatigue symptoms. The adverse events were no different from placebo (Goss

et al. 2013).

3.9 Other Indications

Myotonic dystrophy is frequently associated with severe EDS and two studies noted

some improvement, but recently published randomized, double-blind, placebo-

controlled study reported no significant effect measured by MWT (Orlikowski

et al. 2009).

Although there have been some clinical trials on the effect of modafinil on

fatigue and EDS associated with post-polio syndrome, attention deficit hyperactiv-

ity disorder, schizophrenia, and cocaine addiction, they are beyond the scope of this

chapter.

Modafinil had no effect on fatigue related to cancer and primary brain tumors

and should not be prescribed outside a clinical trial setting (Spathis et al. 2014;

Boele et al. 2013).
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4 Safety

Modafinil and armodafinil are generally well tolerated, with side effects mostly

mild-to-moderate intensity. The most frequent undesirable effects are headache,

nausea, insomnia and loss of appetite, and nervousness. Some studies in OSA

subjects reported mild elevation of blood pressure and more patients taking

modafinil have required antihypertensive drugs. Likewise small but consistent

increase in blood pressure has been seen in armodafinil. Most studies have not

reported any ECG changes with modafinil and armodafinil. It is recommended that

both drugs should not be used in patients with a history of left ventricular hyper-

trophy or in patients with mitral valve prolapse who have experienced the mitral

valve prolapse syndrome when previously receiving CNS stimulants. Overall, the

cardiovascular profile of modafinil and armodafinil is more favorable than with

other stimulants available.

Psychiatric symptoms, including mania, delusions, hallucinations, and suicidal

ideation, have been experienced in association with modafinil and armodafinil use.

In clinical trials no serious cases of skin rash were reported. Nevertheless rare

cases of serious or life-threatening rash such as Stevens-Johnson syndrome, toxic

epidermal necrolysis, and drug rash with eosinophilia and systemic symptoms have

been reported in children and adults taking modafinil. Since it is not possible to

predict whether a rash will become serious, ar/modafinil must be discontinued with

the first sign of rash (Monderer and Thorpy 2011; FDA 2007).

It is considered that modafinil and armodafinil have low potential of abuse even

in high dosage and long-term experience of administration of modafinil is encour-

aging (Monderer and Thorpy 2011).

There are no important interactions with other drugs. Patients on other

psychostimulants can be safely diverted to modafinil (Schwartz et al. 2003b).

Modafinil and armodafinil are category C drugs for pregnancy. It is

recommended that pregnant women avoid taking this medication. The amount of

modafinil/armodafinil excreted in mother’s milk is unknown (Monderer and Thorpy

2011; FDA 2007).

Safety and effectiveness in pediatric patients, below age 16, have not been

established. In a controlled 6-week study, 165 pediatric patients (aged 5–17

years) with narcolepsy were treated with modafinil (n¼ 123) or placebo (n¼ 42).

There were no statistically significant differences favoring modafinil over placebo

in prolonging sleep latency as measured by MSLT or in perceptions of sleepiness as

determined by the CGI-C (FDA 2007). Modafinil and armodafinil are not registered

for pediatric population in the USA nor in Europe. The age limitation has been

criticized by expert group based on their own experience (Lecendreux et al. 2012).

This criticism is, among other reasons, caused by the fact that drugs against EDS

allowed for children are only amphetamines and their derivatives with well-known

elevated risk of abuse.

In terms of overdose, modafinil seems to be a safe drug. In clinical trials, a total

of 151 protocol-specified doses ranging from 1,000 to 1,600 mg/day have been
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administered to 32 subjects, including 13 subjects who received doses of 1,000 or

1,200 mg/day for 7–21 consecutive days. In addition, several intentional acute

overdoses occurred; the two largest being 4,500 and 4,000 mg taken by two subjects

participating in foreign depression studies. None of these study subjects experi-

enced any unexpected or life-threatening effects. Adverse events that were reported

at these doses included excitation or agitation, insomnia, and slight or moderate

elevations in hemodynamic parameters. Other observed high-dose effects in clin-

ical studies have included anxiety, irritability, aggressiveness, confusion, nervous-

ness, tremor, palpitations, sleep disturbances, nausea, diarrhea, and decreased

prothrombin time. From post-marketing experience, there have been no reports of

fatal overdoses involving modafinil alone (doses up to 12 g).

5 Nonmedical Use of Modafinil

Modafinil is used by special forces (e.g., army), by solitary sailors in the race, etc.,

for improving and prolonging the ability to stay awake.

Conclusion
Modafinil and its R-enantiomer armodafinil are wakefulness and alertness

enhancing agents frequently used in modern sleep medicine and seems to be

the best medication of its kind available for treatment of EDS due to narco-

lepsy. Both have good safety profile, but they are approved only for the use in

adults and in women using birth control means. Modafinil is approved in the

USA for the treatment of EDS associated with narcolepsy and with treated

OSA and shift work disease but in Europe for narcolepsy only. The thera-

peutic potential of modafinil and armodafinil seems to be larger than indi-

cated by the label.
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Sodium Oxybate (Xyrem®): A New

and Effective Treatment for Narcolepsy

with Cataplexy

Ahmed S. BaHammam, David Nelson Neubauer,

and Seithikurippu R. Pandi-Perumal

Abstract Sodium oxybate (SXB; Xyrem®) is the sodium salt of gamma

hydroxybutyric acid (GHB). SXB has been approved in the United States for the

treatment of cataplexy and excessive daytime sleepiness (EDS) in patients with

narcolepsy and in the European Union for the treatment of narcolepsy with cata-

plexy. Randomized clinical trials have shown that SXB is highly effective in

reducing the frequency of cataplexy and in reducing EDS in patients with narco-

lepsy. In addition, SXB improved sleep architecture by increasing delta power and

the duration of slow-wave sleep and by reducing nocturnal awakenings in patients

with narcolepsy with cataplexy. Global function and health-related quality of life

were also improved by SXB. The majority of the above effects are dose-related.

SXB is administered orally after mixing with water. It is rapidly absorbed and

eliminated with a mean elimination half-life of 30–60 min, and its duration of

action is 2–4 h. Therefore, SXB must be administered twice during the night to

consolidate 6–8 h of nocturnal sleep. In general, SXB is well tolerated, and the most

commonly reported adverse events are nausea, vomiting, dizziness, and urinary

incontinence. SXB is a drug with potential for misuse and abuse. In addition, SXB

has a narrow safety margin with a risk of toxicity. Therefore, strict risk-

management strategies and rigorous adherence to the titration schedule are

essential.
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1 Introduction

Narcolepsy is a sleep disorder characterized by excessive daytime sleeping (EDS)

and uncontrollable attacks of sleep associated with abnormal rapid eye movement

(REM) sleep manifestations, such as sudden loss of muscle tone (cataplexy),

hypnagogic/hypnopompic hallucinations (vivid hallucinations upon falling asleep

or waking), sleep paralysis (unpleasant generalized paralysis just before or while

falling asleep or upon waking), and sleep onset REM (SOREM) (Dauvilliers

et al. 2007). Despite the daytime sleepiness, disrupted nocturnal sleep is a common

manifestation of narcolepsy. Cataplexy is specific to narcolepsy and is the most

accurate diagnostic marker of the disease. It is characterized by a sudden, typically

bilateral, partial, or complete loss of muscle tone that is provoked by emotional

stimuli, such as laughter, excitement, or fright (Dauvilliers et al. 2007). Cataplexy

episodes may be limited to specific muscles, such as facial muscles or limbs, and

may manifest as slurred speech, jaw tremor, head or jaw dropping, dropping of

objects or unlocking of the knees, or may be generalized attacks that manifest as a

collapse while conscious (Dauvilliers et al. 2007). Each episode can last from less

than one second to several minutes and may occur at frequencies of less than one

per year to several episodes per day. In the majority of cases, narcolepsy symptoms

begin during teenage or young adult years. However, the disorder may first be

evident in very young children or in middle-aged adults (Wise 1998). Studies have

shown that 65–75 % of patients with narcolepsy have cataplexy (BaHammam and

Alenezi 2006; Silber et al. 2002). The prevalence of narcolepsy with cataplexy is

approximately 25–50 per 100,000 people, and the incidence rate is approximately

0.74 per 100,000 person-years (BaHammam and Alenezi 2006; Silber et al. 2002).

Narcolepsy often interferes with every aspect of life including work and social

settings (Dauvilliers et al. 2003, 2007; Longstreth et al. 2007).

The disorder is highly associated with the human leukocyte antigen (HLA)

DQB1*06:02 and is believed to be an autoimmune disease. Great advances have

been made in understanding this, as yet, mysterious disorder. Reduced levels of the

recently described neuropeptide hypocretin (orexin) have been reported in the

nervous system (Merino-Andreu and Martinez-Bermejo 2009). Hypocretin/orexin

is a neurotransmitter that regulates arousal, wakefulness, and appetite. Sleep and

wakefulness are controlled by multiple brain structures and neurotransmitters

(Fig. 1; Sakurai 2007). Pathology within those structures or in their neurotransmit-

ter systems manifests as sleep disorders. Loss of hypocretin/orexin-producing

neurons in the lateral and posterior hypothalamus is associated with an inability

to maintain prolonged periods of wakefulness or sleep and the intrusion of rapid eye

movement (REM) sleep, or REM sleep signs, during wakefulness.

Although there is no cure for narcolepsy, the last decade has witnessed valuable

improvements in the treatment of narcolepsy symptoms. Pharmacological manage-

ment of EDS primarily uses non-sympathomimetic stimulants including modafinil

or armodafinil and sympathomimetic stimulants, such as amphetamine, metham-

phetamine, dexamphetamine, and methylphenidate, which increase wakefulness.
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Narcolepsy with cataplexy may be treated with medications including tricyclic

antidepressants, serotonin reuptake inhibitors, and psychostimulants; however,

none of these medications are approved by the Food and Drug Administration

(FDA) for the treatment of cataplexy. Sodium oxybate (SXB; Xyrem®) is the only

FDA-approved treatment for cataplexy.

In this chapter, we review the indications, pharmacology, efficacy and safety of,

and practical experience with SXB for the treatment of narcolepsy with cataplexy.

2 Pharmacology

SXB (Xyrem®) is an orphan drug that was approved in 2002 for the treatment of

narcolepsy with cataplexy. The active drug in SXB is sodium oxybate, the sodium

salt of gamma hydroxybutyric acid (GHB). GHB is an endogenous cerebral inhib-

itory neuromodulator/neurotransmitter with highest concentrations found in the

Fig. 1 A diagram showing the main projections of hypocretin/orexin neurons. Hypocretin/orexin

neurons located in the lateral and posterior hypothalamus control sleep and wakefulness by

sending excitatory projections to the monoaminergic and cholinergic nuclei in the brain stem

and hypothalamic regions including the locus ceruleus (expressing noradrenaline), the

tuberomammillary nucleus (expressing histamine), and the raphe nuclei (expressing serotonin).

Orexin neurons are also associated with the reward system via the ventral tegmental area (nucleus

accumbens, containing dopamine)
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hypothalamus and basal ganglia (Keam and Walker 2007). SXB has gained a poor

reputation as a “rave drug” and a “date rape” drug (Stell and Ryan 1996). The

chemical formula for SXB is C4H7NaO3, and it has a molecular weight of

126.086 g/mol (Fig. 2).

3 History

The fact that GHB-containing products were easily available during the 1980s

resulted in several unapproved uses of those products in bodybuilding, the treat-

ment of sleeplessness, and weight loss (Fuller et al. 2004). The easy access to GHB

products and the lack of regulations on the control of their use popularized these

products as substances of abuse. The subsequent poor reputation of these products

due to their use in drug-facilitated sexual assaults, or “date rapes,” led to the

prohibition of GHB sales in the United States (Fuller et al. 2004). The notoriety

of GHB and the legal efforts to control the distribution of the product prevented the

clinical development of SXB as a treatment for narcolepsy in the United States for

several years. Therefore, as a condition of its approval and to promote safe use of

SXB and alleviate concerns over possible diversions and abuse following product

approval, the FDA required the manufacturer of Xyrem® (sodium oxybate; Jazz

Pharmaceuticals, Inc., Palo Alto, CA) to establish and maintain a risk management

program (Fuller et al. 2004). Components of the program include the use of a single

central pharmacy for direct dispensing of the drug to patients and the gathering of

adverse events data, including deaths, that are reported to the FDA, a specially

trained pharmacy staff, a method for tracking prescription shipments, and an initial

post-marketing surveillance program (Fuller et al. 2004). In addition, this system

requires physician registration and verification of reading of educational materials

by patients (Fuller et al. 2004). In July 2002, Xyrem® was approved by the FDA as

an orphan drug for the treatment of cataplexy in patients with narcolepsy as

Xyrem® (sodium oxybate) oral solution. GBH is covered by Schedule I penalties

for illicit use; however, for medical purposes, it is under Schedule III via the

Xyrem® Success Program, a restricted drug-distribution system (Fuller et al. 2004).

Fig. 2 Schematic figure of sodium oxybate (Xyrem)
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4 Indications

SXB was recently approved to treat patients aged 16 years and above who are

diagnosed with narcolepsy and symptoms of cataplexy or excessive daytime sleep-

iness (EDS). SXB is distinguished from other drugs used in the treatment of

narcolepsy by being effective in controlling both EDS and cataplexy. The FDA

approved SXB for the treatment of adult narcoleptic patients with cataplexy in

2002. SXB gained approval by the European Medicines Agency (EMEA) in Europe

in 2005 for the treatment of narcolepsy with cataplexy. In 2005, it was approved in

the United States for the treatment of EDS in patients with narcolepsy also (Zaharna

et al. 2010). SXB is not approved for the treatment of other narcolepsy symptoms,

such as nocturnal sleep disturbances, sleep paralysis, or hypnagogic hallucinations.

The utilization of SXB for cataplexy–narcolepsy is low; only 26,000 patients across

15 countries received SXB for this indication between 2002 and March 2008. This

low uptake may be due in part to the low number of trials that examined SXB for the

treatment of narcolepsy with cataplexy in small groups of patients or due to the

many debates regarding the safety of SXB (Wang et al. 2009; Zvosec et al. 2009).

There are other unapproved (off-label) indications for SXB, such as fibromyalgia

and insomnia. However, in this chapter, we will discuss the utility of SXB in the

approved indication (i.e., in patients with narcolepsy with cataplexy). It is worth

mentioning here that SXB has been used on an off-label basis for treating children

with narcolepsy with cataplexy; however, there is limited information on the long-

term efficacy and safety of SXB in this population (Mansukhani and Kotagal 2012;

Murali and Kotagal 2006).

5 Mechanism of Action

SXB was initially developed as an anesthetic agent. However, it was noted that the

effects of SXB on sleep were different to other anesthetic agents in that it increased

slow wave sleep (stage N3) and REM sleep and decreased in stage N1 sleep, wake

after sleep onset, and the number of awakenings suggesting a distinctive mode of

action (Pardi and Black 2006). Based on the fact that nocturnal sleep is typically

disturbed in patients with narcolepsy with cataplexy, SXB was used initially with

the assumption that the SXB-mediated increase in slow wave and REM sleep would

reduce the likelihood to sleep during the day and daytime sleepiness (Broughton

and Mamelak 1979). The precise mechanism by which SXB produces an effect on

cataplexy is unknown. However, it increases turnover of 5-hydroxytryptamine,

interacts with opioid systems, and may act as a gamma-aminobutyric acid receptor

type B (GABAB receptor) agonist. The latter action on GABAB receptor was

thought to be the mechanism underlying the sedative effect of SXB (Koek and

France 2008). However, an effect of SXB on GABAB receptors is not accepted by

all investigators as the primary reason for the improvement in patients with
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narcolepsy and cataplexy (Mignot 2012). Huang and Guilleminault conducted a

study to evaluate the actions of baclofen and SXB, two medications with GABAB

receptor agonist properties, on symptoms of narcolepsy in drug naı̈ve teenagers

with narcolepsy and cataplexy (Huang and Guilleminault 2009). Both drugs

increased total sleep time and slow wave sleep duration; however, only SXB

showed an effect on daytime sleepiness and cataplexy at 3 months. The authors

concluded that the improvement in total nocturnal sleep time did not affect daytime

sleepiness and cataplexy and that the mechanism by which SXB improved cata-

plexy and sleepiness was secondary to properties beyond a direct GABAB receptor

agonist effect (Huang and Guilleminault 2009).

Due to its metabolic pathway, it shows minimal pharmacokinetic interactions

with other drugs. Nevertheless, SXB is expected to potentiate the central nervous

system and respiratory depressant effects of drugs including alcohol, narcotic

analgesics, benzodiazepines, and other drugs with sedative effects (Li et al. 1998).

6 Dosing, Administration, and Adverse Events

SXB is administered orally after mixing with water. It is rapidly absorbed and

eliminated with a mean elimination half-life of 30–60 min, and its duration of

action is 2–4 h (Owen 2008). Therefore, SXB must be administered twice during

the night to consolidate 6–8 h of nocturnal sleep. For use, SXB is provided with a

measuring syringe and two 90-ml dosing cups with child-resistant caps. Each

measured dose of SXB must be dispensed into the dosing cup and diluted with

60 ml of water prior to ingestion. Because food significantly reduces the bioavail-

ability of SXB (its absorption is slowed by food), patients should not eat for at least

2–3 h before taking the first dose of SXB. It is recommended that both doses of SXB

should be prepared at the same time upon retiring to bed.

In adults, we typically initially administer a dose of 4.5 g divided into two

equivalent doses: the first at bedtime and the second approximately 3–4 h later. The

dose is increased gradually on a weekly basis by 1.5 g per night based on each

individual’s response until symptoms are controlled, side effects appear, or the

maximum nightly dose of 9.0 g is achieved. The typical dose for adults is 6–9 g per

night. Doses higher than 9 g per night have not been studied and should not

normally be administered.

6.1 Precaution to Patients

The sedative effect of SXB is very strong initially; therefore, it is important to warn

the patient of the importance of administrating the first dose while in bed and to ask

another individual to watch the patient during the first few nights in particular for

snoring or gasping.

236 A.S. BaHammam et al.



6.2 Adverse Events

SXB is generally well tolerated with mild-to-moderate side effects that are dose

related. There is concern over the narrow margin between efficacious and toxic

doses of SXB (Robinson and Keating 2007). In general, the incidence of adverse

events increases with dose, and most adverse events subside when the dose is

reduced. In a pooled analysis of 717 patients with narcolepsy, the most frequently

reported adverse events associated with administration of SXB were headache

(22 %), nausea (21 %), dizziness (17 %), nasopharyngitis (8 %), somnolence

(8 %), vomiting (8 %), and urinary incontinence ((7 %); Xyrem® (sodium oxybate)

oral solution, Jazz Pharmaceuticals Inc. [online]).

In a recently published meta-analysis of studies for all harms including studies

using SXB at 9 g/night versus placebo (Alshaikh et al. 2012), patients receiving

SXB showed statistically more adverse events compared with placebo including

nausea (3 studies, risk ratio (RR): 7.74, 95 % CI: 3.2, 19.2), vomiting (2 studies,

RR: 11.8, 95 % CI: 1.6, 89.4), and dizziness (3 studies, RR: 4.3, 95 % CI: 1.1,

16.4;). Incidences of enuresis were not significantly different from placebo groups

(2 studies, RR: 2.6, 95 % CI: 0.8, 9.8); nevertheless, there was a tendency towards

less incidences in the placebo groups. In the US Xyrem study, 10 patients (7.4 %)

withdrew due to adverse events (The U.S. Xyremâ Multicenter Study Group 2002).

Side effects were significantly more frequent in the SXB recipients compared with

placebo-treated individuals and included nausea, vomiting, dizziness, and urinary

incontinence (The U.S. Xyremâ Multicenter Study Group 2002). In the interna-

tional Xyrem trial, 21 (9.2 %) patients withdrew due to adverse events; however, in

that trial, there was no difference in the incidence of urinary incontinence between

the SXB and placebo recipients (Xyrem International Study Group 2005a). In the

combination therapy trial, adverse events were reported in 70 % of placebo recip-

ients, 54 % of patients receiving modafinil monotherapy, 60 % of patients receiving

SXB monotherapy, and in 79 % of patients receiving SXB+modafinil combination

therapy (Black and Houghton 2006). In this combination therapy trial, one, two,

four, and six patients withdrew from the placebo, modafinil monotherapy, SXB

monotherapy, and SXB+modafinil combination therapy groups, respectively, due

to adverse events (Black and Houghton 2006). Serious side effects were uncom-

mon. In the combination therapy trial, one patient developed a serious psychotic

disorder related to narcissistic personality disorder (Black and Houghton 2006). In

the US trial, acute confusion was reported in one patient at a dose of SXB 6 g/night

(The U.S. Xyremâ Multicenter Study Group 2002). Other rarely reported dose-

related adverse events include parasomnias, such as sleep walking, nocturnal

eating, and catathrenia (nocturnal groaning) (Wallace et al. 2011; Poli et al. 2012).

Long-term follow-up data on adverse events are limited. A 12-month extension

study reported adverse events in 93 % of patients including dizziness, headache,

nausea, urinary incontinence, viral infection, somnolence, and pain (U.S. Xyrem

Multicenter Study Group 2004). Dizziness was the only adverse event that was
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statistically more common in the SXB group (U.S. XyremMulticenter Study Group

2004).

7 Efficacy

SXB is one of the most effective treatments for narcolepsy with cataplexy. Several

studies have assessed the efficacy of SXB in treating narcolepsy symptoms. The

first study that utilized of SXB in the treatment of narcolepsy dates back to 1979

(Broughton and Mamelak 1979). Two recent meta-analyses reviewed the efficacy

of SXB in patients with narcolepsy with cataplexy, and both demonstrated that SXB

resulted in significant reductions in cataplexy and daytime sleepiness (Alshaikh

et al. 2012; Boscolo-Berto et al. 2012). Table 1 presents a summary of these

randomized trials.

7.1 Cataplexy

Four randomized placebo-controlled trials have shown that SXB reduced the

frequency of cataplexy attacks in a dose-related manner when compared with

placebo (U.S. XyremMulticenter Study Group 2004; The U.S. Xyremâ Multicenter

Study Group 2002; Scrima et al. 1989; Xyrem International Study Group 2005b).

The US Xyrem®Multicenter Study Group conducted a 4-week study of 136 patients

recruited from various American centers who were experiencing a median of

21 cataplexy attacks per week (The U.S. Xyremâ Multicenter Study Group 2002).

Prior to randomization, existing anti-cataplexy medications were withdrawn grad-

ually. The patients were then randomized to treatment with placebo or SXB at 3, 6,

or 9 g per night. After 4 weeks of treatment, the number of weekly cataplexy attacks

decreased by 4 (28 %), 7 (49 %), 10 (49 %), and 16 (69 %), respectively, compared

with baseline. The difference between placebo and the 9 g per night group was

statistically significant. A 12-month extension of the US Xyrem®Multicenter Study

reported data on 118 patients who received SXB at doses of 3 g (14 %), 4.5 g

(36 %), 7.5 g (11 %), and 9 g (30 %) per night. The number of cataplexy attacks was

compared with the baseline recorded from the 4-week double-blind trial. Cataplexy

attacks were reduced by a mean of 23.65 per week in the first month ( p< 0.001)

and by a mean of 35.48 per week at the end of the study period (U.S. Xyrem

Multicenter Study Group 2003). In a subsequent 2-week double-blind study of

patients who were on SXB for an average of 22 months, the US Xyrem® Multi-

center Study Group randomized 55 patients with cataplexy to receive the same dose

of SXB or placebo to establish the long-term efficacy of SXB for the treatment of

cataplexy (U.S. Xyrem Multicenter Study Group 2004). The abrupt cessation of

SXB in the placebo patients resulted in a significant increase in the number of

cataplexy attacks (median¼ 21; P, 0:001) compared with patients who remained on
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SXB (median¼ 0). However, unlike antidepressant withdrawal, there was no evi-

dence of rebound cataplexy upon abrupt discontinuation of treatment, and the return

of cataplexy attacks was gradual in the placebo patients, who reported a median of

4.2 and 11.7 cataplexy attacks during the first and second weeks, respectively

(U.S. Xyrem Multi-Center Study Group 2003).

Table 1 Characteristics of the published randomized clinical trials that have studied the effects of

SXB in patients with narcolepsy

Study

Type of

trial n Setting

Duration of

trial in

weeks

(longest

duration of

FU)

Trial arms

(dose in

grams per

night)

Xyrem Int. Group

2005 (Xyrem Inter-

national Study

Group 2005a)

RCT 228 42 sleep clinics

in the USA,

Canada, and

Europe

8 (8) 1. SXB (4.5)

2. SXB (6)

3. SXB (9)

4. Placebo

U.S. Xyrem Multi-

center Study Group

(U.S. Xyrem Multi-

center Study Group

2004)

RCT 55 14 clinical sites

(location NR)

2 (2) 1. SXB (3)

2. SXB (4.5)

3. SXB (6)

4. SXB (7.5)

5. SXB (9)

6. Placebo

The U.S. Xyremâ

Multicenter Study

Group (2002)

RCT 136 18 clinical sites

(location NR)

4 (4) 1. SXB (3)

2. SXB (6)

3. SXB (9)

4. Placebo

Black and

Houghton (2006)

RCT 278

(222 ITT)

44 clinical sites

in USA,

Canada, and

Europe

4 (8) 1. SXB

(6 titrated to

9)/modafinil

2.

Modafinil/

placebo

3. SXB

(6 titrated to

9)/placebo

4. Placebo/

placebo

Lammers

et al. (1993)

Crossover

RCT*

24 Leiden Univer-

sity Hospital,

Netherlands

4 (4) 1. SXB

(60 mg/kg/

night)

2. Placebo

Scrima et al. (1989) Crossover

RCT*

20 Sleep Disorders

Ceber, Univer-

sity of Arkansas

for Medical

Sciences

4 (12) 1. SXB

(50 mg/kg/

night)

2. Placebo
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Two studies have demonstrated beneficial effects on cataplexy attacks with even

smaller doses of SXB (4.5 g/night; Xyrem International Study Group 2005b;

Scrima et al. 1989). In the International Xyrem trial, which was an 8-week study

of nightly SXB, the median cataplexy frequency reduced by 57–85 % at all doses.

When compared with placebo, a significant reduction in cataplexy frequency

occurred after 4 weeks of SXB treatment at different doses (44, 52, and 62 % at

4.5, 6, and 9 g per night, respectively; Xyrem International Study Group 2005b).

Based on the available evidence, the European Federation of Neurological

Societies (EFNS) guidelines suggest that SXB is now the first line of treatment

for patients with narcolepsy with cataplexy (Billiard et al. 2006).

7.2 EDS

Based on the two published meta-analyses, SXB causes dose-related reduction in

subjective daytime sleepiness (as measured by the Epworth Sleepiness Scale [ESS])

(Alshaikh et al. 2012; Boscolo-Berto et al. 2012). Randomized trials have shown

that EDS decreased and sleep latency increased in the SXB arm compared with

placebo when evaluated objectively using the maintenance of wakefulness test

(MWT). MWT is a validated objective measure of the ability to stay awake over

a defined time that measures the mean latency to fall asleep during four to five

sessions of trying to stay awake (Littner et al. 2005). Two studies reported a benefit

of SXB on EDS measured using the MWT (n¼ 101 and 91 subjects; Black and

Houghton 2006; Xyrem International Study Group 2005a). The previous two

studies used different MWT protocols. Although the Xyrem International Study

group used the 40-min version of the protocol (Xyrem International Study Group

2005a), Black and Houghton used the 20-min version of the protocol (Black and

Houghton 2006), which may influence the sleep latencies obtained, particularly in

patients who do not fall asleep quickly. The improvement was dose-related; how-

ever, the benefits documented in the MWT were statistically significant only at the

highest dose (9 g/night). The improvement in EDS appeared after 8 weeks of

treatment (Xyrem International Study Group 2005a; Black and Houghton 2006).

Current evidence suggests that SXB is more effective than modafinil alone in

alleviating daytime sleepiness. In a double-blind, placebo-controlled, multicenter

study, 270 adult patients with narcolepsy (who did not necessarily have cataplexy

with narcolepsy) taking 200–600 mg of modafinil daily for the treatment of

excessive daytime sleepiness were assigned randomly to 1 of 4 treatment groups:

SXB placebo plus modafinil placebo, SXB plus modafinil placebo, modafinil plus

SXB placebo, or SXB plus modafinil. SXB was administered at 6 g per night for

4 weeks and was then increased to 9 g per night for an additional 4 weeks. Daytime

sleepiness was assessed subjectively using the ESS score and objectively using the

MWT. In the placebo group, the mean sleep latency was 7 min compared with

10 min in the modafinil monotherapy group, 12 min in the SXB monotherapy

group, and 13 min in the combined (SXB+modafinil) therapy group. ESS score
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showed a similar trend with no change in the placebo group, an increase of one

point in the modafinil monotherapy group, and a reduction of three and four points

in the SXB monotherapy and the combined (SXB+modafinil) therapy groups,

respectively. However, the combined therapy was associated with a greater inci-

dence of adverse events.

7.3 Effects on Sleep Architecture

As discussed earlier, sleep is frequently disturbed in patients with narcolepsy. Sleep

studies have documented several changes in patients with narcolepsy including

sleep interruption, prolonged awakening after sleep onset, increased stage N1,

increased stage shifts, and reduced stage N3 (Baker et al. 1986). Several studies

have shown that nocturnal administration of SXB improves subjective and objec-

tive measures of nocturnal sleep and sleep architecture with significant increases in

stage N3 and delta power (Lammers et al. 1993; Scrima et al. 1989, 1990; Black

et al. 2009, 2010; Alshaikh et al. 2011; Broughton and Mamelak 1979, 1980;

Mamelak et al. 2004; Scharf et al. 1985). Two recent randomized trials have

shown that SXB resulted in significant dose-related decreases in stage N1 and

wake after sleep onset and nighttime awakenings and increases in slow wave

sleep and total sleep time (Black et al. 2009, 2010).

7.4 Other Effects

The Clinical Global Impression of Change (CGI) scores, which are commonly used

measures of symptom severity, treatment response, and the efficacy of treatments,

were dichotomized to responders as “very much improved” or “much improved.”

“Much improved” and “very much improved” were statistically significant for all

doses (4.5, 6 and 9 g/night) compared with placebo (Xyrem International Study

Group 2005a). Interestingly, in the combination-therapy trial, “very much

improved” was only observed in the SXB monotherapy and combination therapy

(SXB+modafinil) arms (Black and Houghton 2006).

Only one study has examined quality of life indicators (Weaver and Cuellar

2006). Improved quality of life was observed for SXB at 9 g/night versus placebo in

all subscales of the Functional Outcomes of Sleep Questionnaire except for inti-

macy and sexual relationships. A statistically significant and clinically relevant

result was noted for SXB at 9 g/night versus placebo.

For the treatment of hypnagogic hallucinations and sleep paralysis, the evidence

remains unclear. Changes in the incidence of hypnagogic hallucinations have not

been observed in published trials, and a reduction in sleep paralysis attacks was

observed only in the group receiving 6 g of SXB per night (Xyrem International

Study Group 2005a, b). However, importantly, in both the international Xyrem trial
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(Xyrem International Study Group 2005a, b) and the US trial (The U.S. Xyremâ

Multicenter Study Group 2002), the baseline frequencies of hypnagogic hallucina-

tions and sleep paralysis attacks were low with a median of 1–3 (Xyrem Interna-

tional Study Group 2005a, b) or a mean of 3–8 (The U.S. Xyremâ Multicenter Study

Group 2002) attacks per week.

8 Practical Concerns and Precautions

8.1 High Sodium Load

In patients receiving SXB 4.5–9 g/day, sodium intake will be increased by 0.75–

1.6 g/day. Therefore, the treating physicians should be cautious in patients with

heart failure, hypertension, or impaired renal function where sodium intake reduc-

tions should be considered (Robinson and Keating 2007).

8.2 Weight Loss

Hypocretin/orexin stimulates arousal and feeding. Narcolepsy is typically associ-

ated with weight gain particularly in children even when food intake is reduced

(Sellayah et al. 2011). Hypocretin/orexin plays an important role in the regulation

of body weight via effects on brown adipose tissue differentiation and function. It

has been shown in a hypocretin/orexin-null mouse model that the depletion of

hypocretin/orexin is associated with brown fat hypoactivity, which leads to reduced

energy expenditure (Sellayah et al. 2011).

It has been reported that the administration of SXB is associated with weight loss

in some patients (Husain et al. 2009; Alshaikh et al. 2011). However, the exact

mechanism underlying this weight loss remains unknown. The improvement in

sleep architecture and the increase in slow-wave sleep after SXB use have been

suggested as possible mechanisms that induce circadian rhythms in hormonal

secretion and improved energy metabolism and weight loss (Husain et al. 2009).

Weight loss can be very useful in narcoleptics who are overweight or obese.

However, weight loss has been reported in some narcoleptics who are not over-

weight (Alshaikh et al. 2011).

8.3 Respiratory Depression and Sleep-Disordered Breathing

The co-occurrence of obstructive sleep apnea (OSA) in narcoleptics has been

reported to be relatively high (9–25 %); therefore, caution is advised when treating
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narcoleptics with concurrent OSA with SXB (Sansa et al. 2010; BaHammam and

Alenezi 2006). SXB has the potential to induce respiratory depression and apnea.

There have been reports of respiratory suppression with GHB abuse, in particular

when combined with alcohol (Mason and Kerns 2002). There is a theoretical risk of

increasing sleep-disordered breathing (SDB) or inducing sleep hypoventilation in

narcoleptic patients on SXB. Previous trials that assessed the efficacy and safety of

SXB excluded patients with SDB. Available data on the effect of SXB on the

apnea-hypopnea index (AHI) are limited and conflicting (Seeck-Hirschner

et al. 2009; George et al. 2010). Additionally, no reports have addressed the safety

of SXB in patients with severe OSA (AHI >30/h). A short-term study with a

12-week follow-up in a group of elderly patients (mean age 61.5 years) with

Parkinson’s disease and without SDB demonstrated good tolerability to SXB

(Ondo et al. 2008). In another study, George et al. randomized 48 patients with

mild-to-moderate OSA (mean AHI 23.5/h) to receive a low dose of SXB (4.5 g/

night) or placebo who were examined using polysomnography (PSG) at baseline

and after 14 days (George et al. 2011). SXB did not increase AHI, obstructive apnea

events, or central apneas and did not lower SaO2 (George et al. 2011). However,

other reports have raised the concern that the effect of SXB on SDB may be

unpredictable and variable even in patients with mild OSA (Seeck-Hirschner

et al. 2009). Therefore, caution is advised when treating narcoleptics with concur-

rent SDB, particularly those with severe OSA, and physicians should confirm that

patients with concurrent OSA are compliant with positive airway pressure (PAP)

therapy before initiating SXB. It is important to stress that the physician should

confirm 100 % compliance with CPAP therapy in narcoleptics with concurrent

OSA before prescribing SXB. In addition, the patients should understand that SXB

may worsen AHI and oxygen saturation if PAP is not used. We recommend that

patients at a high risk for OSA or sleep hypoventilation should be monitored with

PSG and CO2 monitoring prior to initiating SXB (Alshaikh et al. 2011). Those with

significant SDB should receive PAP therapy before initiating SXB. In our practice,

we perform PSG on all patients on SXB once the optimal dose has been reached

(Alshaikh et al. 2011).

8.4 SXB and Death

There was concern regarding whether the administration of SXB may increase

mortality (Wang et al. 2009; Zvosec et al. 2009). The results of a post-marketing

safety study of the period between 2002 and 2008 reported that 30 fatalities had

occurred in patients prescribed SXB; however, the majority of deaths were deter-

mined to be unrelated to the medication (Wang et al. 2009). Worldwide, there have

been a total of 227 deaths in patients who received SXB via prescription from the

period of market introduction in 2002 through to May 31, 2011 (Wang et al. 2011).

However, deaths were not proven to be related to the use of SXB (Feldman 2009,

2011). A subsequent correction (Wang et al. 2011) of the original data reported
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(Wang et al. 2009) was published where the investigators reanalyzed and updated

the data and corrected the previously reported numbers. The reanalysis did not

show significantly increased mortality in patients taking SXB (Wang et al. 2011).

The FDA stated that it was impossible to determine whether the cause of death was

attributable to SXB (Xyrem) because many of the death reports were poorly

documented or incomplete (FDA Drug Safety Communication 2012, Xyrem1). A

number of deaths occurred in patients who were reported to be concurrently taking

medications that could depress the central nervous system and respiratory system,

such as neuroleptics, benzodiazepines, opioids, and others, and in other patients,

alcohol was ingested while taking SXB (FDA Drug Safety Communication 2012,

Xyrem1). Moreover, many deaths occurred in patients who were prescribed SXB

at doses that exceeded the recommended maximum dose, those who underwent a

rapid dose titration that did not adhere to the recommended protocol in the product

label, or in patients who were prescribed SXB for unapproved uses, such as

fibromyalgia, insomnia, or migraine (FDA Drug Safety Communication 2012,

Xyrem1). Nevertheless, the above data should serve as a reminder to physicians

to use SXB with great caution.

8.5 Other Concerns

SXB is expected to potentiate the central nervous system and respiratory depressant

effects of drugs including alcohol, narcotic analgesics, benzodiazepines, and other

drugs with sedative effects (Li et al. 1998). Therefore, extreme caution is required

in patients receiving these medications.

On rare occasions, psychiatric complications have been reported in patients

taking SXB including anxiety and depression (Russell et al. 2011). Therefore,

caution is required prior to initiating SXB in patients with psychiatric

comorbidities. In these cases, appropriate psychiatric assessment is recommended.

9 Key Points

• SXB (Xyrem®) is an orphan drug that was approved by the FDA for the

treatment of narcolepsy with cataplexy in 2002 and for the treatment of exces-

sive daytime sleepiness in narcolepsy in 2005. In Europe, the EMEA approved

SXB for the treatment of narcolepsy with cataplexy in 2005. The active drug in

SXB is sodium oxybate, the sodium salt of gamma hydroxybutyric acid (GHB).

• SXB has demonstrated clear clinical benefits in patients with narcolepsy with

cataplexy in placebo-controlled trials and in reports of case series including

some long-term follow-up trials with clear clinical benefits for both cataplexy

and daytime sleepiness.
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• SXB is generally well tolerated and the most common drug-related adverse

events are nausea, vomiting, dizziness, and urinary incontinence.

• SXB is a drug with a potential for misuse and abuse. In addition, SXB has a

narrow safety margin with a risk of toxicity. Therefore, strict risk-management

strategies and strict adherence to the titration schedule is essential.
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Cell Therapy to Treat Narcolepsy

Oscar Arias-Carri�on

Abstract The sleep disorder narcolepsy may now be considered a neurodegener-

ative disease, as there is a massive reduction in the number of neurons containing

the neuropeptide, hypocretin/orexin (Hcrt). Hcrt neurons are solely located in the

hypothalamus, particularly in its perifornical, dorsomedial, and lateral portions.

Hcrt fibers widely project throughout the brain and generally have excitatory effects

on their postsynaptic cells. Patients with narcolepsy have a severe reduction in the

levels of Hcrt in the cerebrospinal fluid (CSF), a finding consistent with Hcrt

neuronal loss. Experimental models have been generated in order to study the

physiology of the Hcrt system and narcolepsy. In consequence, the Hcrt neuronal

loss provokes depletion in CSF Hcrt levels and displays behavioral narcoleptic-like

symptoms. Given that the Hcrt depletion is the hallmark of narcolepsy, these

models represent the opportunity to explore the potential use of transplants as a

therapeutical tool in order to treat narcolepsy.

1 Introduction

The hypocretins (Hcrt-1 and -2, also named as orexin-A and -B, respectively) are

two neuropeptides derived from the same precursor whose expression is restricted

to a few thousand neurons of the lateral hypothalamus (Trivedi et al. 1998; Hervieu

et al. 2001; España et al. 2005). Hcrt-1 consists of 33 amino acids, whereas Hcrt-2 is

a 28 amino acid molecule.

Hcrt neurons are located between the rat fornix and the mammillothalamic tracts

in the lateral hypothalamus (LH) from where hypocretins fiber project throughout

the brain and spinal cord, including several areas implicated in regulations of the

sleep/wake cycle (Peyron et al. 1998, Sakurai et al. 1998; Trivedi et al. 1998;

Chemelli et al. 1999; Hervieu et al. 2001). Hcrt fibers widely project throughout the

brain and spinal cord and generally have excitatory effects on serotonergic (Hagan

et al. 1999; Brown et al. 2002), noradrenergic (Bayer et al. 2002), histaminergic
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(Bayer et al. 2001), and cholinergic neurons in basal forebrain (Eggermann

et al. 2001), laterodorsal tegmental nucleus (Takahashi et al. 2002), as well as

thalamocortical neurons of thalamus (Bayer et al. 2002). Basically, Hcrt neurons

regulate arousal and have been shown to be implicated in food reward and drug-

seeking behavior (Sakurai 2007).

2 Narcolepsy and Hypocretin Neurons: The Link

Narcolepsy is a debilitating neurological disease characterized by excessive day-

time sleepiness, premature transitions to rapid eye movement sleep (named “sleep-

onset REM periods”), and cataplexy (sudden bilateral skeletal muscle weakness

without impairment of conscience) (for review see Siegel and Boehmer 2006). Hcrt

was linked to human narcolepsy since it was discovered in a mutation in the Hcrt

receptor in mice (Chemelli et al. 1999) and dogs (Lin et al. 1999). Once it was

speculated that a deficiency in the Hcrt system might be the explanation for human

narcolepsy, diverse groups explored this possible link. Indeed, Hcrt system was

linked to human narcolepsy.

In a study of postmortem brains of human narcoleptics, for instance, a massive

reduction in the number of Hcrt-containing cells (85–98 %) was discovered com-

pared with healthy controls (Peyron et al. 2000; Thannickal et al. 2000). On the

other hand, narcoleptic patients have reduced cerebrospinal fluid (CSF) levels of

Hcrt (Dalal et al. 2001; Kanbayashi et al. 2002; Mignot et al. 2002; Nishino

et al. 2000, 2001; Ripley et al. 2001), a finding consistent with the loss of Hcrt-

containing neurons as mentioned above. CSF measurements of Hcrt provide a

valuable diagnostic tool for narcolepsy, separating narcolepsy from other sleep

and neurological disorders (Mignot et al. 2002; Ripley et al. 2001).

3 Experimental Models of Narcolepsy

There are experimental models that mimic the sleep disorder narcolepsy; for

instance, Hcrt/orexin genes knockout mice (Chemelli et al. 1999), canines with a

mutation in the Hcrt-2 receptor (Lin et al. 1999), or mice with a targeted destruction

of the Hcrt neurons (Hara et al. 2001) that exhibit symptoms of narcolepsy.

Recently, our group and others have generated an experimental model using a

toxin which represents a very reliable procedure. This model consists of a ribosome-

inactivating protein saporin (SAP) (Stirpe et al. 1992) that is conjugated to the

hypocretin/orexin receptor that binds ligand hypocretin-2/orexin-B (Hcrt-2) to lesion

Hcrt receptor-bearing neurons. It is known that the LH contains a high concentration

of Hcrt receptor mRNA (Trivedi et al. 1998) as well as immunoreactivity (Hervieu

et al. 2001). This fact indicates the presence of the Hcrt receptor on Hcrt neurons.

When the Hcrt-2/SAP is injected into LH of rats, the toxin lesions Hcrt neurons, and

produces behavioral symptoms that are characteristic of narcolepsy.
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Hcrt-2/SAP binds to cells containing the Hcrt receptor but does not bind to cells

that do not contain the Hcrt receptor. This indicates the specificity of the toxin. For

instance, the diurnal rhythm of wakefulness (W) and slow-wave sleep (SWS) in a

rat lesion is attenuated. This is because of an increase in sleep during the lights-off

period. Hcrt-2/SAP increases SWS over the 24 h period. Total time spent in SWS

and rapid eye movement sleep (REMS) was found to correlate with a decline in

number of Hcrt neurons.

Using this model, Gerashchenko et al. (2001) showed that Hcrt-2/SAP induced

more SWS and REM sleep at night and multiple periods of abnormal behavioral

arrest during purposeful behavior. Indeed, this experimental model of narcolepsy

provides a method of investigating the contribution of the Hcrt system to the

regulation of the sleep–wake cycle and its relationship with narcolepsy.

Gerashchenko et al. (2003a) also reported that two concentrations (90 ng or

490 ng/0.5 μl) of the Hcrt-2/SAP injected directly to the lateral hypothalamus

caused a significant Hcrt cell loss. Narcoleptic-like sleep behavior was produced

by both concentrations of this toxin (Gerashchenko et al. 2003a) (Fig. 1).

Fig. 1 Experimental procedure showing the injection of the Hcrt-2/SAP into lateral hypothalamus

(LH). The Hcrt-2/SAP induces Hcrt neuronal loss leading to a diminution in levels of Hcrt in CSF.

Narcolepsy is the behavioral consequence as a result of the Hcrt neuronal loss and diminution

levels in CSF
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As a conclusion, the use of Hcrt-2/SAP induced characteristic of narcolepsy,

such as sleep fragmentation, sleep-onset REM sleep periods, increased NREM

sleep, and REM sleep time during the normally active lights-off period

(Gerashchenko et al. 2001, 2003a).

The relationship between Hcrt neuronal loss and changes in levels of the peptide

was not known. Using the Hcrt-2/SAP to lesion neurons in the LH, a 50 % reduction

in CSF Hcrt levels was found when 73 % of the number of Hcrt neurons was lost

(Gerashchenko et al. 2003b). The sleep deprivation method is used to test the

homeostatic mechanism of sleep regulation. It was also found that in lesioned

rats, the Hcrt levels were not increased by 6 h prolonged W, indicating that

surviving neurons were not able to increase the output of Hcrt into CSF to

compensate for the Hcrt neuronal loss.

In the same study, the authors showed that Hcrt levels in CSF measured at

different times of the day–night cycle showed that control rats had significantly

higher Hcrt levels at ZT0 (+72.9 %) compared to a different time point (ZT8). The

rats with a 72 % Hcrt neuronal loss did not show a significant difference between

ZT0 and ZT8. Surprisingly, a significant correlation was found between Hcrt

neurons and Hcrt levels at ZT0 (Gerashchenko et al. 2003b).

Hcrt neurons begin to appear on embryonic day 19 E19 and are fully developed

by postnatal day 20 (Yamamoto et al. 2000; Van Den Pol et al. 2001). As reported

by others (Fujiki et al. 2001; Yoshida et al. 2001), Hcrt display a diurnal rhythm in

young animals.

Such a rhythm of Hcrt, however, has not been determined in aged animals. CSF

Hcrt levels were measured at 4-h intervals across a 24-h period to test the hypoth-

esis that there was a decline in Hcrt levels in aged rats. In agreement with previous

studies in young rats (Fujiki et al. 2001) peak levels of Hcrt were found at the end of

the wake-active period (ZT0), and lowest levels occurred at the end of the sleep

period (ZT12). This profile was present in young and old rats. The authors found,

however, that the old rats had significantly less Hcrt levels in CSF compared to the

young rats. The aged rats had significantly less CSF Hcrt levels compared to young

rats (Desarnaud et al. 2004).

As mentioned above, CSF Hcrt levels are increased in response to prolonged W;

we tested if Hcrt levels could be enhanced in aged animals after prolonged W. Rats

were kept awake for 8 h to drive the activity of the Hcrt neurons, and CSF was

collected in order to measure Hcrt. All groups of rats had significantly increased

CSF Hcrt levels in response to 8 h of prolonged waking (Desarnaud et al. 2004), a

finding that is consistent with other studies (Yoshida et al. 2001).

The overall CSF Hcrt levels after 8 h of prolonged W, however, were still lower

in the old rats when compared to the young rats. The possible explanation for this

phenomenon might be a decline in Hcrt-1 in old rats reflecting a diminution in

prepro-Hcrt gene expression across the aging process. We therefore measured

prepro-Hcrt mRNA levels in the posterior hypothalamus of young and old rats by

Northern blot analysis. No difference in mRNA between age group was found

(Desarnaud et al. 2004).
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4 Therapies for Narcolepsy

What are the approaches that currently are used to treat narcolepsy? The goal of all

therapeutic approaches in narcolepsy is to control the narcoleptic symptoms and to

allow the patient to continue full participation in familial and professional daily

activities. Pharmacological treatments for narcolepsy include the use of amphet-

amines, modafinil, whereas cataplexy is treated with tricyclic antidepressants such

as clomipramine (Mignot et al. 2002; Scammell 2003; Mignot and Nishino 2005).

Another possible experimental approach involves Hcrt cell replacement therapy.

We have shown recently the use of cell Hcrt transplantation might represent a new

approach to treat this disease (Arias-Carri�on et al. 2004, 2006; Arias-Carri�on and

Murillo-Rodrı́guez 2014).

5 Transplants as a New Therapy for Narcolepsy

Neural transplantation is one of the most promising approaches for the treatment of

Parkinson’s disease (PD), a major neurodegenerative disorder with a prevalence as

frequent as that of narcolepsy (Arias-Carri�on et al. 2004). Neural transplantation

involves implantation of living neuronal tissue into a host system. Several studies

using animal models have demonstrated that grafted tissue survives, integrates

within the host brain, and provides functional recovery following brain inventions

(Drucker-Colı́n and Verdugo-Dı́az 2004; Lindvall et al. 2004). This type of study

for PD began in the latter half of the 1970s. Initially, DA neurons from animal

fetuses were used as donors, and then paraneurons such as chromaffin cells were

used (Drucker-Colı́n and Verdugo-Dı́az 2004). Based on a large number of exper-

imental animal studies, neural transplantation has been applied clinically (Drucker-

Colı́n and Verdugo-Dı́az 2004; Lindvall et al. 2004). Studies in patients with PD

after intrastriatal transplantation of human fetal mesencephalic tissue, rich in

postmitotic dopaminergic neurons, have provided proof of principle that neuronal

replacement can work in the human brain (Lindvall et al. 2004). The grafted

neurons survive and reinnervate the striatum for as long as 10 years despite an

ongoing disease process, which destroys the patient’s own dopaminergic neurons

(Drucker-Colı́n and Verdugo-Dı́az 2004). The grafts are able to normalize striatal

dopamine release (Drucker-Colı́n and Verdugo-Dı́az 2004) and to reverse the

impairment of cortical activation underlying akinesia. Thus, grafted dopaminergic

neurons can become functionally integrated into neuronal circuitries in the brain

(Drucker-Colı́n and Verdugo-Dı́az 2004; Lindvall et al. 2004). Several open-label

trials have reported clinical benefit (for revision, see Lindvall et al. 2004). Some

patients have been able to withdraw from L-dopa treatment for several years and

resume an independent life (Drucker-Colı́n and Verdugo-Dı́az 2004; Lindvall

et al. 2004). Beneficial effects have been demonstrated, and autopsy cases have

shown that many transplanted cells were able to survive in the human brain for long

periods. These findings contributed a great deal to the research in regeneration of

the central nervous system.
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Thus it would be interesting to know whether a graft of hypocretin neurons into a

host brain could survive (Arias-Carri�on et al. 2004, 2006; Arias-Carri�on and

Murillo-Rodrı́guez 2014). We demonstrated that Hcrt neurons suspension cells

derived from posterior hypothalamus of 8–10-day old rat pups can survive when

transplanted into the pons (a region of the brain that is innervated by hypocretin

axons, but where the hypocretin somata are not present) in adults rats (Arias-

Carri�on et al. 2004, 2006; Arias-Carri�on and Murillo-Rodrı́guez 2014). In our

preliminary study, we found that well-defined hypocretin-immunoreactive somata

with processes and varicosities were present in the graft zone 36 days after

implantation of the cell suspension, suggesting that hypocretin neurons obtained

from rat pups can be grafted into an adult host brain (Arias-Carri�on et al. 2004).

These somata were similar in size and appearance to adult rat hypocretin-

immunoreactive neurons (Fig. 2).

Fig. 2 (a) Representation of the brain sections taken from donor containing the hypothalamus for

tissue preparation for transplant. (b) Targeted area within the brainstem for Hcrt-grafted neurons.

(c) Microphotography of Hcrt survival cells in target area at 36 days after grafting. 3V: 3rd

ventricle; 4V: 4th ventricle; Cx: cortex; CC: corpus callosum; f; fornix; LC; locus coeruleus; LH:

lateral hypothalamus; PnC: pontine reticular nucleus; RPn: raphe pontis nucleus
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Next, we investigated the time course of survival of grafted Hcrt neurons into the

pons of adult rats (Arias-Carri�on et al. 2006). Control rats received a transplant that
consisted of cells from the cerebellum where no Hcrt neurons are present. All adult

host rats were sacrificed 1, 3, 6, 9, 12, 24, or 36 days after grafting. Inmunohis-

tochemistry was used to identify and count the presence of the Hcrt-grafted neurons

in the target area. The tally of Hcrt neurons present in the graft zone 1 day post-

grafting was considered to be the baseline. From day 3 to 36 post-transplant there

was a steady decline in the number of Hcrt neurons. We also noted that on day

36, the Hcrt neurons that survived in the pons had morphological features that were

similar to mature Hcrt neurons in the adult lateral hypothalamus, suggesting that

these neurons might be functionally active. Control rats that received grafts of

cerebellar tissue did not show Hcrt neurons in the target area. These results

demonstrate that there is a progressive decline in the number of transplanted

neurons, but a significant percentage of Hcrt neurons do survive until day 36.

Some evidence exists that hypocretin neuron transplantation in rats somewhat

diminished narcolepsy-like sleep behavior (Arias-Carri�on and Murillo-Rodrı́guez

2014), but no studies in people have been planned. These studies, however,

highlights the potential use of transplants as a therapeutical tool in order to treat

narcolepsy.

Conclusions

Narcolepsy is a sleep disorder characterized by sleep attacks. Experimental

models have been generated in order to understand the physiology of this

disease. Recent evidence has concluded narcolepsy in humans and animal

models the result from the failure of cellular signaling mediated by Hcrt.

Recently, we have described that Hcrt cells are able to be transplanted with

the aim to generate an alternative therapeutical tool to treat narcolepsy. We

have showed here that grafted cells express the machinery for Hcrt release,

and possess the morphological feature of an Hcrt neuron. Recently, we

reported for the first time that transplantation of Hcrt neurons into the LH

of Hcrt2/SAP-lesioned rats diminishes narcoleptic-like sleep behavior. The

following points, however, have to be demonstrated in the future:

(a) electrophysiological properties of fully mature Hcrt neuron; (b) grafted

Hcrt neurons should reestablish a dense, functional Hcrt releasing terminal

network; and (c) grafts have to become functionally integrated into host

circuitries.
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Part IV

Drugs to Treat Circadian Sleep Disorders



Tasimelteon

David N. Neubauer, Ahmed S. BaHammam,

and Seithikurppu R. Pandi-Perumal

Abstract The role of the melatonin in relation with circadian rhythms and the

sleep/wake cycle is well established. It is thought to play a role in controlling the

sleep–wake cycle through physiological processes regulated in the suprachiasmatic

nucleus of the hypothalamus. In normal subjects, the endogenous circadian period

is a little over 24 h, but is entrained to the 24-h day through exposure to light. In the

absence of light or light perception (totally blind), the synchronization is lost and

the circadian rhythm follows the intrinsic non-24 h clock, resulting in a non-24 h

sleep–wake disorder. Non-24 h sleep–wake disorder is characterized by a

misalignment of the 24-h light/dark (LD) cycle and a non-entrained sleep/wake

cycle propensity resulting in asymptomatic periods alternating with episodes of

insomnia, excessive daytime sleepiness (EDS), or a combination of both.

Tasimelteon (VEC-162) is an orally bioavailable melatonin receptor agonist of

the melatonin MT1 and MT2 receptors recently approved by the U.S. Food and

Drug Administration (FDA) for the treatment of non-24 h sleep–wake rhythm

disorder.
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1 Introduction

Tasimelteon (VEC-162) is a melatonin receptor agonist recently approved by the

U.S. Food and Drug Administration (FDA) for the treatment of non-24 h sleep–

wake rhythm disorder (AASM 2014). It is marketed by Vanda Pharmaceuticals

with the brand name Hetlioz. The compound initially was developed by Bristol-

Myers Squibb (BMS-214778) and in 2004 was licensed to Vanda. Previous inves-

tigations with doses ranging from 10 to 100 mg included the potential treatment of

transient insomnia associated with shifted times, primary insomnia, and major

depression (Dhillon and Clarke 2014). Presently tasimelteon is available as a

capsule with a single 20 mg dose. Initially the medication is provided only through

a single pharmacy, although it is not a controlled substance and is not considered to

have abuse potential (VandaPharmaceuticals 2014).

The role of the melatonin in relation with circadian rhythms and the sleep/wake

cycle is well established (Lewy 2003; Cardinali et al. 2010; Hardeland et al. 2006;

Pandi-Perumal et al. 2005, 2006, 2007). In normal circumstances endogenous

melatonin is produced and secreted by the pineal gland under control of the anterior

hypothalamic suprachiasmatic nuclei (SCN). Neurons within the SCN function as

the master timekeepers of the circadian system with entrainment to the photoperiod

through melanopsin photochemical effects within intrinsically photosensitive reti-

nal ganglion cells (ipRGCs) and transmission through the retinal-hypothalamic

tract (RHT). Normally in humans, melatonin levels are low throughout the daytime

and into the early evening hours but then gradually rise as a person’s natural

bedtime approaches. Melatonin plateaus at a higher level throughout the sleep

period and subsequently declines by the morning daylight hours. The melatonin

onset and offset hours may depend on an individual’s circadian predisposition

(advanced/lark vs. delayed/night owl), sleep/wake habits, and the pattern of expo-

sure to artificial light and darkness.

In humans, the circadian system promotes maximum arousal early in the eve-

ning. Sleep onset at one’s habitual bedtime is facilitated by the rising melatonin,

which decreases the SCN arousal signal. The SCN has high concentrations of the

melatonin MT1 and MT2 receptor subtypes. Agonist activity at the MT1 subtype

appears to decrease the circadian-promoted arousal while stimulation at the MT2

subtype reinforces circadian rhythmicity. The effects of exogenous melatonin on

sleep and the circadian rhythm phase have been extensively investigated.

While meta-analysis studies of melatonin taken at bedtime have not demon-

strated robust effects on sleep onset or maintenance, considerable evidence supports

the phase-shifting effects of strategically timed melatonin and the therapeutic

potential in treating clinical problems associated with abnormal intrinsic circadian

phase patterns or challenges resulting from extrinsic schedule manipulations

(Buscemi et al. 2005; Lewy 2003).
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2 Non-24 Hour Sleep–Wake Rhythm Disorder

The International Classification of Sleep Disorders, 3rd Edition, includes the most

recently updated nosology of circadian rhythm sleep–wake disorders. This category

now includes delayed sleep–wake phase disorder, advanced sleep–wake phase

disorder, irregular sleep–wake phase disorder, shift work disorder, jet lag disorder,

and non-24 h sleep–wake rhythm disorder, which sometimes is labeled free-running

disorder, nonentrained disorder, hypernychthemeral syndrome, or simply NON-24.

The essential diagnostic criteria include the history consistent with a misalignment

of the 24-h light/dark (LD) cycle and a nonentrained sleep/wake cycle propensity

resulting in asymptomatic periods alternating with episodes of insomnia, excessive

daytime sleepiness (EDS), or a combination of both. The symptoms should persist

for at least 3 months, not be attributable to another disorder or the use of a

medication or substance, and be supported by daily sleep logs and actigraphy for

at least 2 weeks showing a progressive sleep–wake cycle delay with a circadian

pattern greater than 24 h (AASM 2014).

The periodicity of the alternating pattern in NON-24 depends upon an individ-

ual’s intrinsic circadian timing which may range from slightly greater than 24 h to

approximately 25 h and in rare circumstances may be slightly less than 24 h (Sack

and Lewy 2001). The repeating cycle may be as short as a few weeks or as long as a

few months. A precise assessment of the pattern may be obtained through a dim

light melatonin onset (DLMO) test or sequential measurements of urinary

6-sulfatoxymelatonin (aMT6s) (Keijzer et al. 2013; Pandi-Perumal et al. 2007;

Smits et al. 2010). The population predominantly associated with NON-24 is people

who are totally blind experiencing no light perception due to their inability to

become entrained to the photoperiod. It is estimated that the majority of totally

blind individuals meet criteria for NON-24 (Dressman et al. 2012). Rarely, sighted

individuals also display this type of free-running progressive phase delay. Several

studies have demonstrated the benefits of exogenous melatonin administration to

free-running blind individuals to help stabilize their circadian systems allowing

more consistent nighttime sleep and daytime alertness (Lockley et al. 2000; Lewy

et al. 2003).

3 Pharmacology

3.1 Chemistry

Tasimelteon is a crystalline powder with a molecular weight of 245.32 and a

molecular formula of C15H19NO2. The chemical designation is ((1R-trans)-N-
[[2-[2,3-dihydro-4-benzofuranyl]cyclopropoyl]methyl]propanamide) (Fig. 1).
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3.2 Pharmacodynamics

Tasimelteon is a melatonin receptor agonist with greater affinity for the MT2

compared with the MT1 subtype. Presumably tasimelteon helps to synchronize

the circadian system and consequently improve nighttime sleep and daytime wake-

fulness through action at these melatonin receptor subtypes.

3.3 Pharmacokinetics

Tasimelteon displays linear pharmacokinetics over a wide dosage range. It is

rapidly absorbed reaching a peak concentration about 0.5–3 h after oral adminis-

tration in the fasting state. Absorption is delayed with a decreased peak concentra-

tion following a high fat meal and it is recommended that it be taken without food.

The apparent volume of distribution in young healthy subjects is approximately 56–

126 L and at therapeutic concentrations it is approximately 90 % protein bound.

The compound undergoes extensive metabolism primarily through the CYP1A2

and CYP3A4 pathways. Oxidation and oxidative dealkylation open the

dihydrofuran ring ultimately forming carboxylic acid. Phenolic glucuronidation

provides additional phase II metabolism. The major metabolites are at least

13-fold less active at melatonin receptors than the parent compound. Elimination

is predominantly through the kidneys. Tasimelteon has an observed mean elimina-

tion half-life of 1.3� 0.4 h and a range of 1.3� 0.5 to 3.7� 2.2 h for the mean

terminal elimination half-lives for the main metabolites. Repeated dosing does not

result in significant accumulation (VandaPharmaceuticals 2014).

Studies in special populations show that the tasimelteon exposure is approxi-

mately double in elderly subjects and is about 20–30 % greater among females

compared with males. The exposure is about 40 % less in smokers due to the

induction of CYP1A2. No dosage adjustment is necessary for people with renal

impairment. Similarly, no dosage adjust is necessary for individuals with mild to

moderate hepatic impairment, although the exposure is approximately double with

moderate hepatic impairment. It has not been evaluated and is not recommended for

patients with severe hepatic impairment (VandaPharmaceuticals 2014).

Drug interaction studies show the potential for significant effects with the

concomitant use of tasimelteon and drugs inhibiting or inducing the CYP1A2 or

CYP3A4 metabolic pathways. Strong CYP1A2 inhibitors (e.g., fluvoxamine)

should be avoided due to a marked increase in tasimelteon exposure. Strong

CYP3A4 inhibitors (e.g., ketoconazole) may increase the tasimelteon to a modest

Fig. 1 Schematic figure of

tasimelteon
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extent. A strong CYP3A4 and moderate CYP2C19 inducer (e.g., rifampin) will

decrease tasimelteon by about 90 % so should be avoided. The tasimelteon expo-

sure may be reduced in smokers due to CYP1A2 induction. The combination of

tasimelteon 20 mg with a single dose of alcohol demonstrated a trend for additive

effects on psychomotor tests. Tasimelteon has not been shown to produce signifi-

cant pharmacokinetic changes in other medications. The efficacy of tasimelteon

may be reduced in patients concomitantly taking beta adrenergic receptor antago-

nists (VandaPharmaceuticals 2014).

4 Clinical Studies

Vanda has reported the results of two key trials of tasimelteon in the treatment of

non-24 h sleep–wake rhythm disorder in totally blind individuals. The first study

was called Safety and Efficacy of Tasimelteon (SET) and the second study,

described as Randomized-withdrawal study of the Efficacy and Safety of

Tasimelteon (RESET), examined discontinuation effects.

The SET study was a multicenter, double-masked, placebo-controlled trial of

84 totally blind patients ages 21–84 years (Lockley et al. 2013a). The subjects were

given tasimelteon 20 mg at a fixed clock time about 1 h prior to their preferred

bedtime for up to 6 months. Outcome measures included circadian rhythm assess-

ments of urinary excretion of aMT6s and cortisol. Subjective estimates of nighttime

sleep timing and daytime naps were recorded and were used to create a Non-24

Clinical Response Scale (N24CRS) score, for which a clinical response of �3 was

considered evidence of entrainment. Due to varying severity of nighttime sleep

difficulty and daytime sleepiness according to circadian alignment, efficacy was

calculated by comparing the active drug and placebo subjects for the sleep time on

the 25 % most symptomatic nights and 25 % most symptomatic days (napping).

Compared with placebo, tasimelteon subjects experienced significantly greater

increases in nighttime sleep and reductions in daytime nap time. A responder

analysis based on increases of at least 45 min of nighttime sleep and decreases of

at least 45 min of daytime nap time found that 29 % of tasimelteon subjects and

12 % in the placebo group achieved these criteria. Improvement also was assessed

with the Clinical Global Impression of Change and a calculation of the Mid-point of

Sleep Timing (MoST). During the study 79 subjects were assessed for entrainment.

Compared with the placebo subjects, those taking tasimelteon were significantly

more likely to be entrained as evidenced by the urinary aMT6s and cortisol patterns.

The tasimelteon group also demonstrated significant improvement in N24CRS

scores, MoST, and measures of nighttime and daytime sleep duration.

The RESET study was a multicenter, double-masked, placebo-controlled trial

(Lockley et al. 2013b). The potential subjects were totally blind individuals given

open-label tasimelteon 20 mg 1 hour prior to their bedtime during a 3 month period.

Individuals demonstrating evidence of entrainment (confirmed with urinary aMT6s

and cortisol) were randomized to continue the tasimelteon dose or were given

Tasimelteon 265



placebo for 2 months. Assessments included the urinary measures and subjective

estimates of nighttime and daytime nap sleep. Twenty entrained subjects (ages 28–

70 years) participated in RESET. The tasimelteon subjects maintained entrainment

to a significantly greater extent than the placebo group. Tasimelteon subjects had

total nighttime sleep of 67.2 min more than placebo subjects on their worst quartile

of nights. The total daytime sleep duration was 59.4 min longer in placebo subjects.

The investigators concluded that tasimelteon discontinuation among these

tasimelteon-entrained subjects resulted in a loss of entrainment and subsequent

decreases in nighttime sleep and increases in daytime sleep.

Prior to the non-24 h sleep–wake disorder studies in totally blind subjects, Vanda

performed clinical trials with tasimelteon (VEC-162) measuring circadian param-

eters in healthy individuals, in healthy subjects with induced transient insomnia, in

the treatment of primary insomnia, and in the treatment of major depression

(Rajaratnam et al. 2009; Lankford 2011). Positive results were reported for phase

II (n¼ 39) and III (n¼ 411) sleep-time shift induced transient insomnia with

evidence for improved sleep initiation and maintenance for tasimelteon

(Rajaratnam et al. 2009). A phase III study (n¼ 322) of primary insomnia subjects

measuring both subjective and objective (polysomnographic) outcomes showed

significant improvements in latency to persistent sleep with tasimelteon 20 and

50 mg compared with placebo. Further development of tasimelteon for major

depression was discontinued in 2013.

5 Safety

Vanda reports that in the clinical trials tasimelteon was safe and well tolerated.

There were no significant next-day residual effects evident in the clinical trials. The

adverse reactions reported in the clinical trials that occurred with an incidence

greater than 5 % and were at least twice as frequent compared with placebo were

headache (17 %), alanine aminotransferase increase (10 %), nightmares or unusual

dreams, and upper respiratory (7 %) or urinary tract infections (7 %) (VandaPhar-

maceuticals 2014).

6 Regulatory Issues

Tasimelteon was granted orphan drug status for the treatment of non-24 h sleep

wake disorder in blind individuals with no light perception in the USA in 2010 and

by the European Commission in 2011. Vanda filed a New Drug Application with

the US FDA in 2013 and the FDA approved the tasimelteon 20 mg dose for the

treatment of non-24 h sleep–wake disorder in January, 2014. At the time of this

writing tasimelteon has not yet been approved in other countries.
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7 Prescribing Guidelines

The FDA approved prescribing information recommends that tasimelteon 20 mg be

taken at the same time every night without food. The dose can be skipped if it

cannot be taken at the usual time. The benefits of the medication may not be evident

for several weeks or months of daily use due to individual differences in circadian

rhythm patterns. Since tasimelteon can cause somnolence with potential perfor-

mance impairment, individuals should limit their activities to preparing for bed

after taking the medication. The safety and effectiveness of the medication have not

been evaluated in pediatric populations. Tasimelteon has not been studied in

pregnant women; however, animal study outcomes have led to a Pregnancy C

categorization. It is unknown whether the compound is excreted in human milk.

There are no contraindications to the use of the drug. There is no evidence of abuse

or dependence with the use of tasimelteon (VandaPharmaceuticals 2014).

8 Discussion

Tasimelteon is a welcome addition to the US pharmacopoeia. As a melatonin

receptor agonist it joins melatonin, available unregulated in the USA and by

prescription in the EU, and ramelteon, approved in the USA and some additional

countries. While it is approved for treating non-24-h sleep–wake rhythm disorder

and having been developed as an orphan drug for totally blind individuals, both

pharmacodynamic and pharmacokinetic properties suggest potential benefits for

sleep-onset insomnia and additional circadian rhythm sleep–wake disorders. It

would not be surprising to see further clinical trials of this compound for additional

indications.

Are there advantages to tasimelteon in comparison with freely available mela-

tonin? There is no direct evidence with regard to efficacy, but some might argue that

this FDA approved pharmaceutical would have better manufacturing standards

relative to unregulated melatonin, for which there have been past questions of

purity and concentration (Williamson et al. 1998). Tasimelteon also has a longer

elimination half-life of about 1–3 h compared to approximately 30 min for mela-

tonin. While a moderately prolonged duration of action may be beneficial, an

excessively long half-life for a compound or any potent active metabolites could

lead to a spillover effect that could compromise strategic phase shifting effects of a

melatonin agonist. There also may be variations in clinical effects based on

pharmacodynamic actions. At present it is unclear whether there will be significant

clinical differences in the comparison of tasimelteon and ramelteon, especially

recognizing varying patterns of MT1 and MT2 affinity between these two com-

pounds. Lastly, it will be interesting to see how tasimelteon compares clinically

with the prolonged-release Neurim Pharmaceutical melatonin formulation avail-

able in numerous countries, but not in the USA.
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Conclusion

The U.S. FDA has approved the melatonin receptor agonist tasimelteon for

the treatment of non-24-h sleep–wake disorder following evidence derived

from studies with totally blind individuals diagnosed with the disorder. While

this compound should be beneficial for related conditions, such as insomnia

disorder with sleep onset difficulty and selected circadian rhythm sleep–wake

disorders, it remains to be seen whether tasimelteon will be granted additional

formal indications. For the present, the release of this medication highlights

the episodic insomnia and excessive sleepiness experienced by many blind

individuals. Greater recognition and treatment of this clinical problem will

result in improving nighttime sleep and daytime alertness, as well as

enhanced quality of life.
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Part V

Conclusive Remarks



The Past, Present, and Future of Drug
Development and Treatment in Sleep
Disorders

Antonio Guglietta

Abstract Sleep disorders are a group of medical conditions whose treatment has

dramatically changed throughout history and recent years. In the past, drug treat-

ment of these conditions was empirical and largely based on natural products such

as herbal preparations to induce sleep whose real efficacy and safety, however, was

mostly unknown or unproven. The first modern and scientifically based drugs such

as chloral hydrate, bromide, and barbiturates to treat sleep disorders were devel-

oped around late nineteenth and early twentieth century. Subsequently, as more

progresses were made in the understanding of this group of diseases, more specific,

safer, and better drugs such as benzodiazepines were developed. However, the most

important advancements in the area of drug treatment of sleep disorders were

made in the recent years during which several and innovative drugs and drug

products were developed. These drugs such as zolpidem, zolpidem sublingual

formulations, doxepin, eszopiclone, ramelteon, melatonin slow release formula-

tions, modafinil, and sodium oxybate have significantly improved the treatment of

sleep disturbances. Nevertheless, there is still room for additional improvements in

this area to address yet unmet medical needs and to further improve existing

therapies. As scientific advancements in this area continue to be made, it is likely

that in the future we will witness the development of new and better drugs and drug

products to treat sleep disturbances. New molecules that are currently in the late

phase of clinical development such as Lorediplon or orexin antagonists1 are likely

to reach the market while other innovative molecules and perhaps biologic products

may also be developed along with innovative formulations and drug products made

of combination of different active ingredients. The goal, strategy, and the way these

new therapeutic products will be developed will probably also change in the future.

Re-profiling and extension of indications of existing drugs will perhaps become
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more common and more drugs will be developed for treatment of insomnia and

especially for the other conditions that make up the group of sleep disorders. At the

same time, new treatments developed for subset of patients suffering from a given

sleep disturbance are also likely to become more common and finally, the design

and parameters to be evaluated in regulatory clinical studies of future sleep disorder

drugs will probably also change to reflect the scientific advances that will be made

in this area.

1 Introduction

The importance of sleep was already known among ancient civilizations. Egyptians

built “sleep temples” where they would treat a variety of medical conditions by

inducing a sort of hypnotic status while Greeks and Romans had their own Gods of

sleep (Hypnos for the Greeks and Somnos for the Romans) (Thorpy 2010; Scott

Littleton 2005; Horne 2007). For long time the only sleep disorder clearly recog-

nized was insomnia while some of the other disturbances of sleep were only

recently identified and characterized (see chapter “Classification of Sleep Disor-

ders,” Thorpy 2012; Schenck et al. 1986). Currently, several different sleep disor-

ders are recognized which, according to the American Academy of Sleep Medicine,

can be grouped into seven major categories: Insomnia Disorders, Sleep Related

Breathing Disorders, Central Disorders of Hypersomnolence, Circadian Rhythm

Sleep–Wake Disorders, Parasomnias, Sleep Related Movement Disorders, and

Other Sleep Disorders (see chapter “Classification of Sleep Disorders,” American

Academy of Sleep Medicine 2014). Some of these disorders may be associated with

chronic diseases, mental disorders, health-risk-behaviors, limitation of daily func-

tioning, injury, and mortality (Ram et al. 2010; Center for Disease Control 2011;

Strine and Chapman 2005).

Throughout history, several remedies, both pharmacological and

non-pharmacological, were used to treat these conditions (Thorpy 2010). The

pharmacologic treatment of sleep disorders, in the past, was based mainly on

empirical remedies coming mostly from natural products such as herbal prepara-

tions with the first specific chemically designed molecules to treat insomnia devel-

oped only in nineteenth and twentieth centuries (Thorpy 2010; L�opez-Muñoz

et al. 2005). The present era of drug treatment of sleep disorders is based on

pharmaceutical products developed on the basis of scientific demonstration of

efficacy and safety and some of the drugs that have been recently approved for

treatment of sleep disorders have in many aspects revolutionized the drug manage-

ment of this area and have been reviewed in depth in this book.

Despite all these advances however, there is still room for improvement in this

area since we are far from having efficacious treatments for all sleep disorders or

from having addressed all the clinical manifestations and medical needs that
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characterize this group of conditions. Therefore, as scientific progresses in this area

are continuously being made, we can predict that in the future more drug therapeu-

tic options will be available to treat this group of diseases.

The goal of this chapter is to briefly review how the drug development and drug

treatment of sleep disorders have changed throughout time and to predict in which

directions these two areas will move in the future.

2 The Past of Drug Development and Treatment of Sleep
Disorders

2.1 Insomnia

2.1.1 Herbal and Natural Products

One of the oldest pharmacological remedy to induce sleep has been the use of herbs,

plant extracts, and other natural products used either alone or in combinations. The

list of herbs and natural products that claim to be beneficial in insomnia is very long

and include chamomile, hops, valerian, passion flower, kava-kava, poppy seeds,

and lavender among others (Dey and Dey 2013). Generally speaking these natural

products may induce a relaxing status which can favor sleep. In selected cases and

to a limited extent, these claims are supported by experimental data published in

scientific journals (Salter and Brownie 2010). Although some discrepancy on their

activity is reported in the literature (Taibi et al. 2009), valerian and hops are perhaps

among the natural products for which more scientific evidence of efficacy in

insomnia has been published in medical journals (Salter and Brownie 2010). In

the majority of cases, however, this scientific evidence of efficacy is lacking and

therefore the use of herbal and natural products as hypnotics is mostly empirical

(Dey and Dey 2013; Meolie et al. 2005). Most importantly, in the majority of cases,

the safety of most of herbal and natural products has not been sufficiently evaluated

either. “Natural” definitely is not synonymous of safe and therefore it should not be

assumed that these natural products are necessarily safe and without risks for health

(Ernst 2006; Sanchez-Ortuño et al. 2009). There is a risk that some of these natural

preparations may cause some serious toxicologic effect such as in the case of kava-

kava, a well-known herbal remedy used to induce sleep, whose use has been

associated with liver toxicity (Dunnick and Nyska 2013; Wheathley 2005). There-

fore, with the exception of few selected preparations which, when used within the

recommended dosage range, are generally considered safe and for which at least

some scientific evidence of efficacy exists (Salter and Brownie 2010), the use of

natural and herbal preparations for the treatment of insomnia should be discouraged

particularly in those cases in which lack of demonstration of efficacy is associated

with some concern about their safety. In any case, herbal and natural products to

treat insomnia have been used for long time and are still commonly used today in
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phytotherapy or in folk medicine such as Chinese traditional medicine (Dey and

Dey 2013; Sanchez-Ortuño et al. 2009; Wheathley 2005; Yeung et al. 2012).

2.1.2 Alkaloids and Chemically Synthesized Molecules

In the nineteenth century, several alkaloids isolated from a variety of plants were

used as sedative and hypnotics alone or as part of drug cocktail preparations

(Shorter 1997; L�opez-Muñoz et al. 2005). These would include, among others,

morphine isolated from opium and other compounds isolated from different species

of the plants belonging to the Solanaceae family such as hyoscyamus, hyoscya-

mine, and hyoscine (L�opez-Muñoz et al. 2005; Shorter 1997).

The first synthetically produced hypnotic was chloral hydrate which was syn-

thesized in 1832 and introduced in medicine as hypnotic in 1869 when its efficacy

to induce sleep was demonstrated (L�opez-Muñoz et al. 2005). Due mainly to its

practical advantages, chloral hydrate rapidly replaced alkaloids as hypnotic

(Shorter 1997). After the introduction of chloral hydrate as hypnotic/sedative,

several other synthetic compounds such as paraldehyde, sulphonal, and bromides

were introduced on the market and used in medicine to sedate patients and induce

sleep, and bromides became the most widely used sedatives in the second half of the

nineteenth century despite their high toxicity (L�opez-Muñoz et al. 2005).

At the beginning of the twentieth century, the barbiturates were introduced on

the market and between the 1920s and the mid-1950 they became the only drugs

used as sedatives and hypnotics (L�opez-Muñoz et al. 2005). The first barbiturate to

reach the market in 1904 was diethyl-barbituric acid which was then followed by

several other molecules of the same family such as phenobarbital, pentobarbital,

and thiopental (L�opez-Muñoz et al. 2005). Although effective, the use of barbitu-

rates in the treatment of insomnia was associated with serious side effects and often

these drugs were also used for suicidal purposes (Johns 1977; Olesen et al. 2010;

L�opez-Muñoz et al. 2005).

A major step forward in the treatment of insomnia was the introduction on the

market in the second half of the twentieth century of the benzodiazepines which act

by binding to specific sites of the GABAA receptor. Several benzodiazepines were

developed and commercialized throughout the years and became the drug of choice

for the treatment of insomnia replacing therefore the barbiturates (L�opez-Muñoz

et al. 2005; Wick 2013). Benzodiazepines were effective drugs with a similar side

effect profile as the barbiturates although less severe (Griffin et al. 2013).

2.2 Narcolepsy

Narcolepsy, a disorder mainly characterized by excessive daytime sleepiness and

catalepsy, was first described in the second half of the nineteenth century (Fisher

1878; Gélineau 1880, 1881; Westphal 1877). In the past, this disorder was treated
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mainly with CNS stimulants such as amphetamines and amphetamine-like stimu-

lants (Hirai and Nishino 2011; Nishino and Okuro 2010). Amphetamines were first

used in the treatment of narcolepsy in 1935 (Prinzmetal and Bloomberg 1935) and

some drugs of this group such as Dextro-amphetamine and Methylphenidate are

approved by the FDA for treatment of this condition (FDA 2013). Although

amphetamine-like stimulants are to some extent still used today to treat narcolepsy,

they are being replaced by newer and more specific drugs (Hirai and Nishino 2011).

The catalepsy manifestation of narcolepsy on the other hand, traditionally, has been

treated mainly with tricyclic antidepressant but also in this case these drugs are

being replaced by adrenergic/serotonergic selective reuptake inhibitors and other

compounds such as sodium oxybate (Nishino and Okuro 2010).

2.3 Other Sleep Disorders

Apart from insomnia and narcolepsy, much less attention was reserved in the past to

the pharmacotherapy of other sleep disorders. There are multiple reasons for this.

First of all, some of these disorders are not serious enough and/or not frequent

enough to justify drug treatment or drug discovery and development. On the other

hand, some of these disorders such as the REM sleep behavior disorders were

identified and characterized only recently (Schenck et al. 1986) and very little is

known about their pathophysiology to allow the design of specific drugs. Therefore,

in most cases in the past, pharmacotherapy of these disorders was rarely supported

by solid scientific evidence (Wilson et al. 2010) and was based on the use of no

specific drugs without the support of well-controlled studies and regulatory

approval.

3 The Present of Drug Development and Treatment
of Sleep Disorders

3.1 Current Status of Sleep Medicine

The present of sleep research and pharmacotherapy is being characterized by an

explosion of new scientific and epidemiologic data leading to an increasing recog-

nition of the high prevalence of sleep disturbances (Bixler 2009; Institute of

Medicine 2006; Ram et al. 2010) and stressing their importance and impact on

the life of a person and the society (Bixler 2009; CDC 2011; Ram et al. 2010; Strine

and Chapman 2005). Sleep centers specialized in the research, evaluation, and

management of sleep disorders have developed across the globe and the number

of sleep scientific societies, foundations, and training programs for physicians has
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increased significantly (Shepard et al. 2005). In 1990, following a first major

classification of sleep disorders published in 1979 (Sleep Disorders Classification

Committee 1979), the American Academy of Sleep Medicine published the first

International Classification of Sleep Disorder (Thorpy 1990). A second edition of

this publication was then published in 2005 (Thorpy 2005) and a 3rd edition came

out in 2014 (Thorpy 2014). The number of articles with the keyword “sleep”

published in scientific journals reported by the US National Library of Medicine

increased from approx. 37,000 for the period 1985–1999 to more than 90,000 in the

period 2000–2013. Furthermore, regulatory agencies have issued new guidelines to

assist investigators to develop new drugs for the treatment of sleep disorders

(European Medicine Agency 2011). Overall, all these activities indicate an increas-

ing interest in the area of sleep disorders which is today recognized as an indepen-

dent and dynamic specialty of medicine by basic scientists, clinicians, media,

government, and patients.

3.2 Classes of Pharmaceutical Products to Treat Sleep
Disorders

The pharmaceutical industry has also been part of this dynamism. Taking advan-

tages of the new findings in the area of sleep physiology and pharmacology, such as

the discovery of the orexinergic system in the brain (Sakurai et al. 1998; de Lecea

et al. 1998; Equihua et al. 2013), the characterization of the functional role of the

GABAA receptor subunits (Nutt 2006; Nutt and Sathl 2010; Siegel and Steinmann

2012), and the advances of new pharmaceutical technologies, new drugs for the

treatment of sleep disorders were recently developed such as zolpidem, zolpidem

sublingual formulations, doxepin, eszopiclone, ramelteon, melatonin slow release

formulations, modafinil, and sodium oxybate. These drugs have significantly

improved the treatment of these conditions and some of them were reviewed in

depth in other chapters of this book.

From a pharmaceutical perspective, the new therapeutic agents that were devel-

oped in the recent years for treatment of sleep disorders or those that are in

advanced phase of development can be grouped into different classes.

New Chemical Entities of Small Molecules These are new small molecules that act

on “old” or “new” targets known to play an important role in sleep disorders. Some

of these molecules have already reached the market such as in the case of

Ramelteon while others are in advanced phase of development.

New Formulations of Already Approved Drugs In many cases the therapeutic

efficacy of a drug can be improved by modifying its formulation. An appropriate

formulation can change certain characteristics of a molecule and may lead to an

improved therapeutic profile of the active molecule. Examples of new therapeutic

products that have been developed recently for sleep disorders which are
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reformulations of molecules that were already on the market include, among others,

zolpidem sublingual formulations intended to accelerate the absorption of the

active molecule and melatonin slow release formulations which allow a more

sustained blood level of melatonin. In both cases, these new formulations overcome

a weak point of the active molecule and provide a therapeutic advantage compared

to the original molecule.

Enantiomers of Previously Approved Racemic Compounds Many times, from a

chemistry standpoint, a pharmacological active molecule is actually a racemic

compound. That is a mixture of two optical active compounds, termed enantiomers,

which are mirror images of the same molecule and which rotate plane-polarized

light by equal amount but in opposite directions (Davies and Teng 2003). Pharma-

cologically, enantiomers may have similar or different activity and often only one

enantiomer is responsible for the therapeutic activity while the other may be totally

inactive or may even have unwanted effects which may contribute to the toxic

effect or the racemic form (Davies and Teng 2003). Therefore, chemical separation

of the two enantiomers and subsequent development of the therapeutic active form

may be advantageous since it may improve the therapeutic profile of the original

racemic mixture. The development of an enantiomer as a therapeutic agent presents

some peculiar features and challenges and specific regulatory guidelines exist to

guide investigators through this process (EMA 1993, 2010; FDA 1992).

Eszopiclone and Armodafinil, the active enantiomers of zopiclone and modafinil,

respectively, represent two examples of enantiomers developed and approved

recently for treatment of sleep disorders available today.

Generic Drugs Several drugs developed years ago for the treatment of sleep

disorders have run out of their patent life and this has opened the door for the

development of their generic form. Indeed, in the recent years, several generic

versions of sleep medications such as zolpidem have been developed and are

available on the market (FDA 2007). These generic versions of sleep disorder

drugs have the advantage of making good therapeutic options for sleep disorders

available to patients and clinicians at a lower and more affordable price than their

branded counterparts.

4 The Future of Drug Development and Treatment of Sleep
Disorders

As for any therapeutic area, it is very difficult to predict how drug development and

drug treatment of sleep disorders will evolve in the future since this is a function of

many and unpredictable variables including new discoveries, political, social, and

regulatory environment, technical and business aspects of drug development, etc.

Nevertheless, it is likely that in the coming years sleep research will continue to

play an important role in medicine and science. As the awareness on the prevalence
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and importance of sleep disorders increases (Institute of Medicine 2006; Ram

et al. 2010; CDC 2011; Bixler 2009; Strine and Chapman 2005), it is likely that

this area will capture more and more attention of the general public, scientists,

pharmaceutical companies, clinicians, and patients which will stimulate research in

this area and create a demand for new and better drugs.

An increased awareness on the prevalence and impact of sleep disorders on the

life of an individual and the society is helpful but, by itself, not sufficient to

stimulate the search and development of new drugs in this area. In order for new

drugs to be developed, it is also necessary that sleep disorder conditions are

perceived as a business opportunity by the pharmaceutical industry and that there

is enough knowledge on the biochemical mechanisms underlying the sleep distur-

bances to make drug discovery and development profitable and feasible.

Providing that these conditions are met, in the future we may witness new and

important advances in drug development and treatment of sleep disorders. Based on

what we have already started to see today, we can predict that in the future a greater

multiplicity of pharmaceutical products will reach the market which will be devel-

oped for the treatment of a wider variety of sleep conditions and/or subset of

patients suffering from a given disorder. The design and parameters of the clinical

studies needed to demonstrate a favorable benefit/risk ratio of future drugs will

probably also change to reflect the advances made in the understanding and clinical

manifestations of this group of diseases.

4.1 Multiplicity of Pharmaceutical Products

4.1.1 New Chemical Entities of Small Molecules

As our understanding of the biochemical mechanisms underlying individual sleep

disorders expands, new molecular targets for drug discovery will be identified and

new ideas will be generated on how to treat specific disorders. For example, the

observation that patients with narcolepsy have a reduced number of orexinergic

neurons in the hypothalamus and low level of orexin in the cerebrospinal fluid

(Mayer 2014) opens up some new and exciting diagnostic and therapeutic possi-

bilities for this condition since molecules that bind to orexin receptors and that act

as agonists could be useful in its treatment. Low levels of histamine have also been

reported in the cerebrospinal fluid of narcoleptic patients with or without low level

of orexin-1 (Nishino et al. 2009) suggesting an implication of histamine in the

pathogenesis of narcolepsy. Therefore, histamine H3 inverse agonists such as

pitolisant (Schwartz 2011) could in the future also represent a new drug option

for the treatment of narcolepsy. To further support this possibility some encourag-

ing clinical data of activity in narcolepsy and also in obstructive sleep apnea have

been reported with pitolisant (Dauvilliers et al. 2013; Schwartz 2011)
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4.1.2 Biological Products

Biological products such as peptides perhaps could also be developed in the future

for treatment of sleep disorders such as for instance orexin or orexin-like peptides

with agonistic activity for treatment of narcolepsy (Asahi et al. 2003). The devel-

opment of peptides as drugs however can be very challenging since they are

degraded quickly when taken orally, may have a short half-life, and do not easily

cross the blood–brain barrier (Banga 2006; Craik et al. 2013). Nevertheless con-

tinuous advances are made in this area and new technologies such as synthesis of

stable and more orally bioavailable analogs of peptides (Craik et al. 2013; Patel

et al. 2014), use of shuttle molecules to cross the blood brain barrier (Niewoehner

et al. 2014; Malakoutikhan et al. 2014), and development of nasal formulations of

peptides (Patel et al. 2014; Campell et al. 2012) are being developed or perfected to

overcome these problems.

4.1.3 Combination Products

Combining two or more active molecules in a single formulation has become very

common in the treatment of certain medical conditions such as for instance hyper-

tension or in controlling multiple cardiovascular risks (Kalra et al. 2010; Ram 2013;

Castellano et al. 2014). Among other things, fixed-dose combination treatment has

the advantage to simplify treatment and facilitate the patient compliance to treat-

ment (Sanz et al. 2011). In the area of sleep disorders, combination drug treatment

could be useful in managing different aspects of a given sleep disturbance or in

those situations in which sleep disorders are associated with other medical condi-

tions (Dikeos and Georgantopoulos 2011; Spiegelhalder et al. 2013). As a matter of

fact, a combination of pseudoephedrine and domperidone has already demonstrated

promising results in the management of obstructive sleep apnea (Larrain

et al. 2010). Although the manufacturing of fixed-dose combination polypills and

its development may be very challenging (Guglietta and Guerrero 2009), single

formulations that combine different active molecules may become more common

in the future also in the area of sleep disorder management.

4.1.4 Innovative Formulations and Delivery Systems

Major advances in the treatment of sleep disorders could also come from develop-

ment of innovative formulations and new delivery systems applied to old and new

molecules. Several new formulation and drug delivery technologies are already

available today and actually have already been applied to the development of drugs

for treatment of sleep disorders (Settar et al. 2014). These technologies allow to

develop innovative formulations and drug delivery systems that improve several

pharmacokinetic parameters of a pharmaceutical active molecule such as release,
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absorption, and metabolism. Undoubtedly, the use of these technologies applied to

CNS and sleep disorder drug products will become more common in the future

(Brambilla et al. 2014). Technologies such as transdermal drug delivery (Jain

et al. 2014; Findling and Dinh 2014), nanotechnologies (Kaur et al. 2014; Krenter

2014), cell-penetrating peptides technologies (Zou et al. 2013), nasal formulation of

peptides (Patel et al. 2014; Campell et al. 2012), chronodelivery and pulsatile

technologies, (Patil and Shahiwala 2014), and direct delivery to the brain of

therapeutic agents such as peptides through the nose (Pardeshi and Belgamwar

2013; Mittal et al. 2014) open up future perspectives on how to develop new drug

products based on innovative formulations and drug delivery systems to treat sleep

disorders with advantages over current products.

4.2 Indications of Drugs for Sleep Disorders

4.2.1 New Sleep Disorder Indications for Existing Drugs

Re-profiling or Extension of Indications of Marketed Drugs Drugs that were

originally developed for a given clinical indication may also be beneficial in

other medical conditions for which therefore they could also be developed by

conducting new and appropriate studies. This re-profiling or extension of indica-

tions of a marketed drug may represent an opportunity for the pharmaceutical

industry to further exploit the full potential of a molecule. From a development

standpoint, re-profiling of a molecule allows a quicker development because it takes

advantage of the pool of the existing data collected during the development for

other indications such as CMC, pharmacokinetics, and toxicology data. In addition,

multiple indications for the same molecule increases the total revenue and return on

investment for the pharmaceutical company and often overcome the unattractive

financial return of developing a new drug for only one indication. In the simplest

case, that is when the clinical studies required for approval of the new indication are

carried out under conditions supported by existing preclinical and clinical data

(doses, formulation, duration of drug administration etc.), conducting new and

appropriate clinical studies that demonstrate a positive benefit/risk ratio for the

new indication may be all it is required to obtain a new approval. In other cases,

when the new indication requires higher doses of the drug, different formulations,

different duration of treatment, etc., than the original indication, the drug has to be

re-profiled more extensively and additional preclinical studies may also need to be

conducted such as development of a new formulation, extension of toxicology

studies, etc. to make sure that the new conditions under which the drug will be

tested for the new indication are safe. However, while drug re-profiling has its

advantages, it also presents some limitations such as the multiple indications for

which the same molecule may be developed need to share some common biochemi-

cal feature upon which the molecule acts.
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Some of the new drugs approved for treatment of insomnia available today are

actually re-profiling of molecules originally approved for a different indication.

This is the case of doxepin a tricyclic antidepressant with H1 receptor antagonism

activity which was originally developed and approved for the treatment of anxiety

and depression (Brayfield 2014). The H1 antagonists are used mainly for the

treatment of allergic conditions but are known to have also some sedative activity

which however has always been regarded as an annoying side effect of antiallergic

therapy (Church and Church 2013). In the case of doxepin however, recently the

sedative effect of the molecule was exploited therapeutically and lower than

antidepressant and antianxiety doses were developed and approved specifically

for the treatment of insomnia (Markov and Doghramji 2010). The case of doxepin

can perhaps in the future serve as a precedent to explore the activity and therapeutic

potential on sleep disorders of molecules approved for treatment of other

conditions.

4.2.2 New Indications of Drugs in Sleep Disorders

As for indications of future sleep disorder drugs, it is likely that some of the trends

that are already seen today such as drugs developed for sleep disorders other than

insomnia and/or for subsets of patients suffering from a given sleep disorder will

become more common.

Drugs Developed for a Broader Variety of Sleep Indications The majority of drug

treatments available today for sleep disorders were developed for insomnia and

only few drugs are approved for the treatment of other sleep disturbances. This is

probably due to that insomnia has been recognized as a distinct disorder for the

longest time and that there is large, although incomplete, pool of scientific data

available on its pathophysiology, biochemistry, and pharmacology. Moreover com-

mercially insomnia is an attractive market and therefore has captured most of the

attention of the pharmaceutical industry.

Hopefully, this will change and it is likely that more drugs to treat sleep disorders

other than insomnia will be developed in the coming years. Hints of this trend

can already be seen today as for instance in the case of tasimelteon whose devel-

opment has been directed towards the treatment of circadian rhythm disorders. This

represents a new development approach for this class of pharmaceutical agents

which in the past, as in the case of Ramelteon, were developed for the treatment of

insomnia.

Drugs Developed for Subsets of Patients with Sleep Disorders As our understand-

ing of the different sleep disorders improves, it will become evident that, in some

cases, a single disorder may actually represent a heterogeneous group of conditions

with some common traits but also characterized by distinct features each of which

may be selectively modified by different drugs. This situation may open the door to

the development of more selective drugs which will be indicated only for a subset of
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patient population affected by a specific sleep disorder. Insomnia for instance

represents a heterogeneous group of disorders characterized by difficult to fall

and stay asleep. However, insomnia patients can actually be broken down into

different subgroups with specific and distinct features such as patients that have

difficulties to fall asleep or to stay asleep or patients where insomnia is associated

with other medical conditions. Each of these distinct features may be the target of

different drugs which therefore may be developed and indicated only for that

subgroup of patients.

In the future, as we learn more on how genetic, age, race, and perhaps gender

affect drug pharmacokinetic and metabolism and the efficacy and safety of a drug,

more specific and ad hoc studies conducted in subsets of patients with sleep

disorders grouped by age, race, etc. may be required to obtain an indication for

that specific subgroup. This fragmentation of indications for sleep disorders on one

hand will allow a more scientific and rational approach to the treatment of sleep

disorders but on the other hand will also pose some challenging and practical

problems for drug developers. For instance, the subset population of the sleep

disorder for which a molecule with a given profile could be developed and indicated

may not be large enough to justify the cost of development of a new drug. To some

extent, this problem can be overcome by strategies such as optimization of devel-

opment cost and time, higher price of the drug, and regulatory requirements

compatible with a fast development time but nevertheless there is a limit to how

much one can stretch these strategies. Another approach, to overcome these prob-

lems, could be, whenever possible, to develop these drugs not only but also for these

sub-indications (i.e., insomnia drug indicated in adult population and pediatric

population and elderly population, etc.) by conducting additional clinical studies.

4.2.3 Design and End-Points of Clinical Studies in Sleep Disorders

In order to get an approval for a new drug, clinical studies have to address those

points that are considered by regulatory agencies relevant to demonstrate, in

addition to safety, a beneficial effect in a given disease. What constitutes a relevant

clinical beneficial effect however may be a matter of discussion and a changing

concept which may have an impact on the design and end points of clinical studies

conducted to obtain an indication for treatment of a given sleep disorder. For

instance, in the treatment of insomnia it is important not only to induce and

maintain sleep for an adequate duration but also to make sure that the sleep is of

“good quality.” Moreover, ideally a drug for treatment of insomnia should also have

a beneficial effect on all manifestations of the disorder as well as on other medical

conditions associated with chronic insomnia (Ram et al. 2010; Center for Disease

Control 2011; Bixler 2009; Strine and Chapman 2005). Therefore, in the future we

may see that the questions that drug developers have to answer during development

may also change with a consequent impact on the design of clinical studies.

Several regulatory agencies publish guidelines to help investigators developing

drugs. These publications give some insights from a regulatory standpoint on which
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parameters should be evaluated in clinical trials, the most appropriate design, the

number of studies to be conducted, etc. In the area of sleep disorders, several

regulatory guidelines are published which are updated as new concepts emerge in

the clinical evaluation of a specific disorder. For instance, in insomnia some recent

guidelines were published to reflect the new concepts in this area that affect the way

drugs are evaluated to treat this condition (European Medicines Agency 2011). It is

likely that in the future more guidelines will be issued as an aid to develop drugs not

only in insomnia but also in other sleep disorders as suggested for instance by the

increasing attention of the FDA to other sleep disorders such as narcolepsy (FDA

2014).

Conclusions
The drug treatment of sleep disorders has evolved through history and recent

times and continuous improvement of the treatment of these conditions have

been made. These progresses are the results of a better understanding of the

pathophysiology and clinical manifestations of these disorders, advances in

pharmaceutical science, and increased public awareness of the prevalence

and impact of these conditions on the life of a person and the society. Today,

very effective and safe drugs are available to treat several sleep disturbances

which in many respects have revolutionized our thinking and treatment of

these conditions. It is likely that these advancements will continue in the

future with more and specific molecules and drug products developed for

treatment of a broader variety of sleep disorders and subpopulation of patients

which will be approved on the basis of appropriately designed clinical studies

that will demonstrate, in addition to safety, a beneficial effect on old and new

relevant clinical parameters.
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