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Summary

This review will provide knowledge of current concepts on neurobiological
mechanisms underlying insomnia. Short discussions are included of clini-
cal key features, diagnostic criteria and therapeutic aspects alleviating the
symptoms of insomnia, such as non-refreshing sleep or excessive daytime
sleepiness. Importantly, chronic insomnia has been identified as an impor-
tant risk factor for the development or exacerbation of psychiatric disorders
such as depression. Insomnia is a common and complex 24-hour disorder
that derives from a multi-factorial interaction of biological and psychologi-
cal factors affecting both sleep and wakefulness. These include genetics, bio-
logical and cultural factors, personality characteristics, personal history and
assorted habits. Although several models of insomnia have been elaborated,
no single underlying pathophysiological process has been shown to repre-
sent a causal factor. However, distinct alterations of neuroendocrine, quan-
titative sleep electroencephalography, and functional as well as structural
neuro-imaging measures have been used to give further insights into pos-
sible pathophysiological mechanisms. In addition, dysfunctional cognitions
or beliefs, as well as maladaptive habits or safety behaviours, contribute to
the development and maintenance of insomnia. Beside these findings, indi-
cations of a cerebral hyper-arousal have been obtained from neuro-imaging
studies which are in accordance with the cognitive-behavioural or psycho-
physiological model of insomnia. The hyper-arousal model of insomnia is
also in line with a possible common underlying pathophysiology of insom-
nia and major depressive disorder.
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Introduction

In a general sense, insomnia suggests inadequate sleep
quality or quantity when one has an adequate opportu-
nity to sleep. When defined as a sleep disorder, insomnia is
characterised by a difficulty in falling asleep or remaining
asleep, which may represent problems with sleep mainte-
nance or early morning awakening despite attempts to sleep.
Sleep disorder nosologies also may include a complaint of
non-refreshing sleep as an insomnia complaint. For a diag-
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nosis of an insomnia disorder to be made, daytime conse-
quences or functional impairment should also be present.
These may include fatigue, an inability to concentrate, or
irritability. Insomnia affects approximately 30% of the gen-
eral population at least occasionally and is a severe or chronic
problem for about 10% of the population [1]. Patients with
co-occurring conditions have a significantly increased risk
for insomnia. People suffering from insomnia have increased
healthcare costs and utilise health resources to a greater
extent. They also have worse scores on quality-of-life mea-
sures. Persistent insomnia has been identified as a risk factor
for the development or exacerbation of psychiatric and med-
ical conditions, such as depression, hypertension or type 2
diabetes [2-4]. Overall, insomnia represents a significant
socioeconomic burden both for individuals and for society.

Diagnostic criteria and subtypes of insomnia

To diagnose primary insomnia, the respective criteria, as
defined in the International Classification of Sleep Disorders,
second edition, (ICSD-2, American Academy of Sleep Medi-
cine) [5], must be met, as stated in table 1.

In addition to insomnia as an independent disorder
(primary insomnia), co-morbid (secondary) insomnia is a
common symptom in many psychiatric and somatic diseases
[6, 7] (see table 2).

Furthermore, insomnia may also occur as a side effect of
different medications, as shown in table 3.

In addition to differentiating between the cause (pri-
mary or co-morbid) and manifestation (difficulty initiating
or maintaining sleep, early awakening, or non-restorative
sleep) of insomnia, a differentiation can further be made by
considering the duration of insomnia as acute or chronic. To
consider similarities and differences of insomnia with regard
to different causes, manifestations and durations, the ICSD-2
[5] specifies eleven subtypes of insomnia (table 4) which all
meet the general criteria of insomnia.

Co-morbid insomnia and major depressive disorder

Previous research supports the hypothesis that depres-
sion and insomnia could be co-morbid conditions show-
ing a different clinical course and requiring a specific treat-
ment procedure. It is suggested that insomnia and depres-
sion are not randomly associated and that they are either
causally related or that common mechanisms underlie the
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Table 1

General criteria of insomnia [5].
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1. A complaint of difficulty initiating sleep, difficulty maintaining sleep or waking up too early, or sleep that is chronically non-restorative
or poor in quality. In children, the sleep difficulty is often reported by the caretaker and may consist of observed bedtime resistance or

an inability to

sleep independently.

2. The above sleep difficulty occurs despite adequate opportunity and circumstances for sleep.

3. At least one of the following forms of daytime impairment related to the night-time sleep difficulty is reported by the patient:
— Fatigue or malaise
— Attention, concentration, or memory impairment
— Social or vocational dysfunction or poor school performance
— Mood disturbance or irritability
— Daytime sleepiness

— Motivation,

energy, or initiative reduction

— Proneness for errors or accidents at work or while driving
— Tension, headaches, or gastrointestinal symptoms in response to sleep loss
— Concerns or worries about sleep

Table 2

Somatic Condition

Metabolic
Dermatological

Pulmonary

Gastrointestinal

Musculoskeletal

Renal

Cardiovascular

Other

Comorbid insomnia.

References
Diabetes [4]
Psoriasis [86]
Asthma [87]
COPD [88]
Gastroesophageal reflux disease [89]
Sjogren’s syndrome [90]
Osteoarthritis [91]
Rheumatoid arthritis [92]
Fibromyalgia [87, 91, 92]
Osteoporosis [87]
Chronic kidney disease [93, 94]
Coronary artery disease [95, 96]
Hypertension [3, 97, 98]
Menopause [99]
Cancer [99]
Acute viral ilinesses [99]
HIV [99]

two disorders [8, 9]. Chronic sleep disturbances experienced
by insomniac patients could play an important role in the
occurrence of depressive symptoms but studies examining
the benefits of insomnia treatment in preventing depression
have not been performed. With regard to pathophysiologi-
cal issues, insights into the mechanisms of disorders that go
along with co-morbid insomnia may lead to a better under-
standing of the pathophysiologic mechanisms underlying
primary insomnia. This is especially true for major depres-
sive disorder (MDD), which shares objective findings (e.g.,
alterations of the neuroendocrine system) with primary
insomnia.

Pathophysiological concepts

Although primary insomnia is diagnosed by clinical criteria,
distinct alterations of objective measures can be found that
might help to make a diagnosis and to choose the right treat-
ment. In addition, new treatment strategies are expected to
develop by giving further insights into possible pathophysi-
ological mechanisms.
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Neuroendocrine measures

As mentioned above, it is not only that co-morbid insom-
nia is a common symptom in MDD often preceding full-
blown MDD, but primary insomnia may also go along with
changes in neuroendocrine systems mirroring those altera-
tions in MDD, especially with respect to the hypothalamic-
pituitary-adrenal (HPA) axis [10]. Hyperactivity of the HPA
axis is a well-known phenomenon in MDD [11], typically
retlected by elevated cortisol levels [12], and abnormal HPA
axis regulation as indicated by the dexamethasone test or
the dexamethasone-corticotropin-releasing-hormon (CRH)
test [13]. As in MDD, the HPA axis seems to be overactive
in many patients with primary insomnia, as concluded from
elevated urinary cortisol levels [14, 15]. However, conflict-
ing results showing no increased cortisol secretion in pa-
tients with insomnia have also been reported [16]. Fur-
thermore, peer-reviewed results from dexamethasone tests
or dexamethasone-CRH tests in primary insomnia are still
lacking. It is assumed that HPA axis hyperactivity in MDD
is caused by increased CRH activity [17]. CRH hyperactiv-
ity has also been considered to play a major role in primary
insomnia [10, 18, 19]. It has been hypothesised that CRH
hyperactivity results from genetic predispositions in combi-
nation with environmental factors such as early stress expe-
riences, leading to excessive CRH responses to stress, which
in turn directly activate the locus coeruleus (LC) and, over
time, indirectly affect the hippocampus (HC) by sustained
elevated glucocorticoid (GC) levels [18, 19]. Moreover, the
use of glucocorticoid receptor or CRH receptor antagonists
and mineralocorticoid receptor agonists has been considered
for treating insomnia [10]. Comprehensive reviews on
the shared pathophysiology regarding neuroendocrine
measures of insomnia and depression have been recently
published [20, 21].

Insights from polysomnography, actigraphy, electro-
encephalography, and multiple sleep latency test

In accordance with the ICSD-2 classification, polysomno-
graphic parameters are no criteria for diagnosing insomnia.
Instead, polysomnography (PSG) has even been regarded to
be of little use for objectifying the presence of insomnia [22,
23], and former, as well as current, recommendations are
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Table 3

Group

Antidepressants

Antiepileptics

Dopamine agonists

Stimulants

B-Agonists

Theophylline-derivative

Selected medications associated with insomnia.

bronchodilatators

f-Antagonists

Statins

Corticosteroids

Appetite suppressants

Decongestants

Agent (example) References
TCA Clomipramine [100]
MAOI Moclobemide [101]
SSRI Fluoxetine [100]
Paroxetine [102]
SNRI Venlafaxin [103]
NRI Reboxetine [104]
DNRI Bupropion [105]
Lamotrigine [106]
Felbamate [107]
Pramipexole [108]
Methylphenidate [109]
Dextroamphetamine [109]
Formoterol [110]
Theophylline [111]
Atenolol [112, 113]
Oxprenolol [113]
Pindolol [114]
Propranolol [115]
Simvastatin [116]
Prednisone [117]
Phentermine [118]
Pseudoephedrine [119]

TCA: tricyclic antidepressant, MAOI: monoamine oxidase inhibitor, SSRI: selective
serotonin reuptake inhibitor, SNRI: serotonin norepinephrine reuptake inhibitor, NRI:
norepinephrine reuptake inhibitor, DNRI: dopamine norepinephrine reuptake inhibitor

Table 4

o N |gIMwIN P

N
°©

Subtypes of insomnia [5].

Adjustment insomnia (acute insomnia)
Psychophysiological insomnia
Paradoxical insomnia

Idiopathic insomnia

Insomnia due to mental disorder
Inadequate sleep hygiene

Behavioural insomnia of childhood
Insomnia due to drug or substance
Insomnia due to medical condition

Insomnia not due to substance or known physiological condition, unspecified

(nonorganic insomnia, NOS)

N
=

Physiological (organic) insomnia, unspecified

that polysomnography is not indicated in routine evaluation
of insomnia except for excluding a suspected specitic sleep
disorder, such as sleep-related breathing disorders, periodic
limb movement disorder (PLMD), or for other certain indi-
cations [24-27]. However, polysomnography in insomnia
plays a role in clinical trials, especially in treatment efficacy
studies [28-30]. Here, objective polysomnography meas-
ures of interest are wake after sleep onset (WASO), latency
to persistent sleep (i.e., sleep onset latency, SOL), sleep efti-
ciency (SE, calculated by dividing total sleep time [TST] by
the total time in bed [TIB]), number of awakenings (NAW),
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wake time during sleep (WTDS) and the relative and abso-
lute amount of different sleep stages, especially slow-wave
sleep (SWS). Typical findings in primary insomnia are pro-
longed sleep onset latency, increased wake time after sleep
onset, reduced SE [31], and reduced SWS [32]. As insom-
nia is a heterogeneous disorder, the quantity and extent of
altered PSG measures are subject to variation between indi-
viduals. Furthermore, drug-induced changes of PSG meas-
ures are also seen in healthy subjects and are therefore
not an appropriate biomarker of treatment response in
insomnia.

Actigraphy is a technique to assess data on day- and
night-time activity and to obtain sleep-related objective
measures. Although some reports exist about the use of
actigraphy in insomnia, its role in the diagnosis of insom-
nia is discussed controversially [33-40]. Beside the contro-
versy regarding whether actigraphy is a valuable diagnostic
tool in insomnia, results from studies using actigraphy have
not contributed to a better understanding of the underly-
ing pathology of insomnia, nor have they helped distinguish
subtypes of patients with insomnia so far.

However, evidence of pathophysiological mechanisms
has been obtained from sleep electroencephalography (EEG)
recordings in the form of spectral analysis. Sleep EEG spec-
tral analysis differs from conventional sleep EEG scoring, in
that the EEG frequency analysis is independent from the
Rechtschaffen and Kales criteria of visual sleep stage classifi-
cation [41]. A common finding in the sleep EEG of patients
with insomnia is an increased amount of beta activity during
the sleep onset period [42] and during non rapid eye move-
ment (NREM) sleep [43]. Interestingly, these findings cor-
relate with sleep complaints in patients with subjective
insomnia (relatively long total sleep time and relative under-
estimation of sleep time compared to PSG) and are absent in
subjects with objective insomnia (relatively short total sleep
time measured by PSG) [44]. The increased amount of beta
EEG activity in insomniac patients has been conceptually
linked to the hyper-arousal model of insomnia, [e.g., 45].
CRH actions at the locus coeruleus (LC), possibly resulting
from an increased CRH activity (see above), have been con-
sidered as an explanation for increases in high-frequency
EEG activity in insomniacs [19]. Results from the multiple
sleep latency test (MSLT) in patients with insomnia have
provided further support for the hyper-arousal hypothesis
of primary insomnia. Contrary to what might be expected,
patients with insomnia do not fall immediately asleep at day-
time when they get the opportunity to take a nap, but show
normal or even prolonged daytime sleep latencies [46-48].

Results from neuro-imaging studies

Although only few structural and functional neuro-imaging
studies involving small sample sizes of insomniac patients
have been reported, the promising results support, at least
in part, the hypothesis of hyper-arousal in primary insom-
nia. In a positron emission tomography (PET) study [49],
(1.) a reduction of relative metabolism from waking to non-
REM sleep was found in the bilateral frontal cortex, ante-
rior cingulate cortex, medial prefrontal cortex, left occip-
itoparietal cortex, posterior cingulate cortex, temporopari-
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etal cortex and thalamus in healthy subjects; (2.) however,
in patients with insomnia a decrease in relative metabolism
from waking to non-REM sleep was observed only in the
bilateral frontal cortex, right occipitoparietal cortex and left
temporoparietal cortex, but not in the thalamus, anterior
cingulate cortex and medial prefrontal cortex; (3.) further-
more, compared to healthy subjects, patients with insomnia
showed a smaller decline in relative metabolism from wak-
ing to non-REM sleep in the ascending reticular activating
system (ARAS), hypothalamus, thalamus, insular cortex,
amygdala, hippocampus, and in the anterior cingulate and
medial prefrontal cortices; (4.) compared to healthy subjects,
patients with insomnia showed a hypometabolism in the
bilateral frontal cortex, the left hemisphere superior, tem-
poral, parietal, and occipital cortices, and in the thalamus,
hypothalamus, and brainstem reticular formation during
wakefulness; (5.) beyond these findings, insomniacs did not
differ from healthy subjects in PSG in this study. This study
demonstrated that subjectively disturbed sleep in insomnia
patients is associated with increased brain metabolism. Their
inability to fall asleep may be related to a failure of arousal
mechanisms to decline in activity from waking to sleep.
Furthermore, their daytime fatigue may reflect decreased
activity in the prefrontal cortex that results from inefficient
sleep. These findings suggest interacting neural networks in
the neurobiology of insomnia including a general arousal
system and an emotion regulating and a cognitive system.

The report by Nofzinger et al. [49] has often been
invoked as the first direct evidence of hyper-arousal in
insomnia [31, 50] and has been considered as one of the
key references in neuro-imaging research related to insom-
nia and the hyper-arousal hypothesis of primary insomnia.
However, the presented PET results from seven insomniacs,
aged 34 years old, have not been replicated or scrutinised
in a bigger sample so far. Furthermore, the observed hypo-
metabolism during wakefulness appears to be contradictory
to the MSLT results reported above and hence to the concept
of a generalised and maintained hyper-arousal.

In sharp contrast to the findings from the PET studies
[49, 51], a single photon emission computed tomography
(SPECT) study showed (1.) a decreased regional cerebral
blood flow in patients with primary insomnia compared to
good sleepers in all of the eight observed regions of inter-
est in the first non-REM sleep cycle including frontal me-
dial cortex, thalamus, occipital cortex, basal ganglia, pari-
etal cortex, frontal lateral cortex, temporal cortex, and pons
[52]. Secondly (2.), compared to good sleepers, the reduced
regional cerebral blood flow was significant in the fron-
tal medial, occipital and parietal cortices, and basal ganglia.
In addition (3.), within the group of patients with primary
insomnia, a significantly decreased activity was found in
the basal ganglia compared to the frontal lateral cortex,
frontal medial cortex, thalamus, and occipital and pari-
etal cortices. Therefore, the authors concluded that pri-
mary insomnia may be associated with an abnormal cen-
tral nervous system activity during non-REM sleep which
may be linked to basal ganglia dysfunction. Interestingly, as
pointed out by Desseilles et al. [53], a decreased activity in
the previously mentioned regions when compared to good
sleepers was also found in the study performed by Nofzinger
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etal. [49], however this was during wakefulness rather than
during non-REM sleep. However, because of methodologi-
cal limitations such as sampling the blood flow only during
the first non-REM cycle, these preliminary results cannot
rule out the hyper-arousal hypothesis of primary insomnia.

Cortical hypoactivation during wakefulness, namely of
the medial and inferior prefrontal cortical areas, was also
discovered in the first and so far only functional magnetic
resonance imaging ({MRI) study performed in patients with
insomnia [54]. Compared to controls, insomniacs showed
less activation in the left medial prefrontal cortex and left
inferior frontal gyrus regarding both letter fluency and
category fluency as assessed by a letter and category fluency
task. In contrast to the PET and SPECT studies, the authors
also examined the effect of non-pharmacological treatment.
Letter fluency was restored in two regions of the left inferior
frontal gyrus, but not in the left medial prefrontal cortex,
whereas category fluency activation was partly restored in
the left medial prefrontal cortex, but not in the left inferior
frontal gyrus. The results demonstrated that fMRI can reveal
prefrontal hypoactivation in a group of carefully selected
patients suffering from primary chronic insomnia. In addi-
tion, recovery of this regional hypoactivation was achieved
after non-pharmacological sleep therapy.

A different, neurochemical approach was followed in
a recently published magnetic resonance spectroscopy
(1H-MRS) study [50]. In patients with primary insomnia,
reduced daytime overall average brain GABA (gamma-
aminobutyric acid) levels, averaged from basal ganglia, tha-
lamus, and parietal, occipital, and temporal white matter
and cortical regions, were observed. Remarkably, GABA
levels correlated with both subjective and objective sleep
measures. In particular, longer wake time after sleep onset
(WASO) in outpatient and inpatient polysomnography was
associated with lower GABA levels. As GABA, which is the
most important and ubiquitous inhibitory neurotransmitter
in the central nervous system, is not only involved in sleep-
wake regulation, but also in the regulation of other processes
that are disturbed in insomnia and support the hypothesis
of central nervous system hyper-arousal (e.g., EEG, see
above), the finding of reduced GABA levels in patients with
primary insomnia is in line with the hyper-arousal model
of primary insomnia. Moreover, reduced GABA levels have
also been observed in major depressive disorder [55], even
in recovered subjects [56, 57], which, in addition to the
mutual clinical and neuroendocrine disturbances mentioned
above, suggests a common underlying pathophysiology in
primary insomnia and major depressive disorder.

In addition to alterations in neurotransmitter levels, a
morphometric magnetic resonance imaging (MRI) study
revealed abnormalities in the structure of the brain in
patients with chronic primary insomnia [58, 59]. As cog-
nitive and also affective disturbances can occur in primary
insomnia, the study included the dorsolateral prefrontal cor-
tex, the orbitofrontal cortex, the anterior cingulate cortex,
amygdala, and hippocampus as regions of interest (ROI),
since these regions play a central role in the regulation of
cognition and mood. The eight subjects with primary insom-
nia had smaller hippocampal volumes bilaterally compared
to the eight normal sleepers, while none of the other regions
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showed differences in volume between the two groups. The
authors concluded that sleep restriction might have a nega-
tive influence on neurogenesis in the hippocampus. Alter-
natively, increased cortisol levels which are found in some
patients with primary insomnia (see above) might explain
the reduced hippocampal volumes [18, 19]. The latter ex-
planation would again be consistent with the hyper-arousal
model of primary insomnia as increased cortisol levels can
be ascribed to increased CRH activity. As reduced hippo-
campal volumes are also observed in major depressive dis-
order [for a current review see [60]], the results once more
suggest a common underlying pathophysiology of MDD and
primary insomnia.

The cognitive-behavioural model and coghnitive-
behavioural therapy of insomnia

Beside alterations in brain functions that can be assessed
by means of objective measurements as presented above,
insomnia, especially when chronic, is accompanied by dys-
functional beliefs and attitudes [61] as well as maladaptive
habits which can be addressed by cognitive-behavioural
therapy [62, 63]. Dystunctional cognitions or beliefs, as well
as maladaptive habits or safety behaviours, contribute to
the development and maintenance of insomnia, for exam-
ple insomniacs might worry over sleep loss or ruminate over
the expected consequences such as daytime residual effects.
The relationship between insomnia, dysfunctional cogni-
tions, maladaptive habits, consequences and arousal has
been summarised in the microanalytical model, also termed
the vicious circle of persistent insomnia [64, 65]. Beside cog-
nitive models of the maintenance of insomnia [66], a behav-
ioural model that also addresses underlying neurocognitive
processes and emphasises the role of hyper-arousal [67] has
been developed.

As proposed by Spielman et al. [68], predisposing factors,
precipitating events, and perpetuating attitudes and prac-
tices (3p-model) account for the onset and course of insom-
nia. The contribution of predisposing factors remains con-
stant in the development of insomnia. However, over time
the influence of precipitating events will decrease, while the
influence of perpetuating habits and behaviour increases,
thus maintaining insomnia without any marked reduction
of sleep disturbance intensity. Therefore, cognitive-behav-
ioural therapy of insomnia, which is focused on perpetuat-
ing factors, is not only expected to be an effective treatment
but has indeed proven to be effective in a number of stud-
ies [69-71].

Sleep-wake regulation with regard to insomnia
and pharmacological treatment

Sleep and wake are regulated by a number of different
brain structures which are interconnected directly or indi-
rectly and form neural networks that are driven by various
neurotransmitters, hormones, internal and even external
stimuli. While specific brain regions, neural networks, and
regulatory feedback systems are each responsible for certain
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aspects of sleep-wake regulation such as circadian control
of sleep or the generation of REM and non-REM sleep, the
components of sleep-wake regulation do not act independ-
ently from each other, but are interlinked at several sites.
The different sites of action, their neurotransmitters or hor-
mones, receptors, and connections are illustrated in figure 1.

In 1949, Moruzzi and Magoun described the ascending
reticular activating system (ARAS) as the wake-promoting
system of the brain [72]. Over the years, as the components
of the ARAS have been identified and some of them have
been found to be placed outside the reticular formation (RF),
the term ARAS hasbecome less common (cf. [73]). In figure 1,
the histaminergic tuberomammillary nucleus (TMN), the
dopaminergic ventral periaqueductal gray matter (VPAG)
and ventral tegmental area (VTA), the serotonergic dorsal
raphe nucleus (DR), the noradrenergic locus coeruleus (LC),
and the cholinergic laterodorsal tegmental nuclei (LDT) and
pedunculopontine tegmental nuclei (PPT) are depicted as
parts of what was referred to as the ARAS in the past and is
now commonly named the ascending arousal system (AAS)
[74, 75] or the ascending activating system [74]. From this
view, the AAS consists of five different functional units with
five different neurotransmitters. The various parts of the
AAS promote wakefulness by their projections to the thala-
mus and to the cerebral cortex. Beyond that, they are also
linked among themselves. For instance, LC and DR send
inhibitory projections to themselves (negative feedback) and
to LDT and PPT, while LDT and PPT send excitatory projec-
tions to themselves (positive feedback) and to LC and DR
(connections not shown in figure 1). In this way, a neural
network is constituted that generates REM sleep when activ-
ity of LDT/PPT neurons predominates, while non-REM sleep
is induced by the dominance of the REM-off neurons’ activ-
ity (LC/DR) in the so-called reciprocal-interaction model of
REM/non-REM oscillation [76, 77]. The ascending wake-
promoting system is also the target of pharmacological treat-
ment of insomnia. Histamine H1-receptor antagonists such
as doxepin or diphenhydramine counteract histamine from
the TMN, and serotonin 5-HT,,-receptor antagonists such as
trazodone block serotonin action from the DR.

The ascending wake-promoting system is opposed by
the ventrolateral preoptic nucleus (VLPO) and the extended
part of the ventrolateral preoptic nucleus (eVLPO), respec-
tively, which can be regarded as the sleep-promoting system
of the brain. GABAergic projections from the eVLPO/VLPO
to the ascending wake-promoting system, especially to the
TMN, the LC, and the DR promote sleep by inhibition of the
wake-promoting system in a switch-like manner, for which
reason the areas involved and their interaction are referred
to as the hypothalamic sleep switch [74, 75]. GABA is in the
centre of hypothalamic sleep regulation, or rather of sleep
promotion. Therefore, beside the pharmacological strategy
of counteracting the action of the wake-promoting system
by means of histamine receptor antagonists or serotonin
receptor antagonists, another approach is to inhibit the
activity of the wake-promoting system by (1.) enhancing the
effect of GABA (use of positive allosteric modulators (PAMs)
at GABA, receptors; barbiturates, benzodiazepines, and
so-called “Z” drugs (zolpidem, zaleplon, eszopiclone) [78]),
or (2.) by activating the eVLPO/VLPO.
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Figure 1

Both wake- and sleep-promoting systems are influ-
enced by the suprachiasmatic nucleus (SCN). The SCN
has an intrinsic circadian rhythmicity with a phase dura-
tion of about 24 hours and 11 minutes, which is also main-
tained in constant lighting conditions [79]. Beyond that, the
intrinsic circadian rhythm of the SCN is adapted to extrinsic
rhythms such as day (light) and night (darkness). This pro-
cess is termed “entrainment” and is mediated by the retino-
hypothalamic tract (RHT) [80]. In bright daylight, cells in
the SCN activate the dorsomedial nucleus of the hypotha-
lamus (DMH), which inhibits VLPO activity by GABAergic
projections [75]. The SCN also plays a crucial role in the pro-
duction and release of melatonin, which is released at night
or in the dark from the pineal gland. Melatonin from the
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pineal gland in turn is an agonist at melatonin MT1 and MT2
receptors of the SCN, thus resetting the SCN. As some sub-
types of insomnia might at least partly be caused by a shifted
circadian rhythm of arousal, a recent pharmacological treat-
ment approach of insomnia stimulates the melatonin recep-
tors of the SCN to reset the SCN by means of the selective
melatonin MT1 and MT2 receptor agonist ramelteon [81].
Beside the influence of the SCN, the hypothalamic sleep
switch is modulated by orexinergic neurons from the lat-
eral hypothalamic area (LHA), the posterior hypothalamus
(PH), and the perifornical area of the lateral hypothalamus
(PeF) [82]. Orexin directly activates the above mentioned
wake-promoting centres and also the cerebral cortex. Loss
of orexinergic neurons is observed in narcolepsy, a disease

Scheme of sleep-wake regulation with regard to insomnia and pharmacological treatment.
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dashed lines), and (9) thalamocortical networks (connection indicated by label).

Explanation: + at receptor: agonist, — at receptor: antagonist; arrow: excitation, oval arrow: inhibition; e.g., “GABA released from the

VLPO inhibits TMN activity as an agonist at the GABA(A) receptor.”

Abbreviations: 5-HT: serotonin, A2-R: adenosine receptor A2, ACh: acetylcholine, ACTH: adrenocorticotropic hormone, AG: adrenal
gland, ADO: adenosine, AP: anterior pituitary gland, ARAS: ascending reticular activating system, BF: basal forebrain, CRH: cortico-
tropin releasing hormone, CTX: cerebral cortex, DA: dopamine, DR: dorsal raphe nucleus, GABA: gamma-aminobutyric acid,
GABA(A)-a.1-R: GABA(A) receptor containing the a1 subunit, GABA(A)-048-R: GABA(A) receptor containing a4 and & subunits, GC:
glucocorticoids, H1-R: histamine receptor H1, HA: histamine, HC: hippocampus, LC: locus coeruleus, LDT: laterodorsal tegmental
nucleus, LHA: lateral hypothalamic area, MR: mineralocorticoid receptor, MT: melatonin, MT1&2-R: melatonin receptor MT1 and MT2,
NE: norepinephrine, NREM: non-rapid eye movement, OX: orexin, OX1-R: orexin receptor OX1, OX2-R: orexin receptor OX2, PeF:
perifornical area of the lateral hypothalamus, PG: pineal gland, PH: posterior hypothalamus, PPT: pedunculopontine tegmental

nucleus, PVN: paraventricular nucleus of the hypothalamus, REM: rapid eye movement, SCG: superior cervical ganglion, SCN: supra-
chiasmatic nucleus, TMN: tuberomammillary nucleus, VLPO: ventrolateral preoptic nucleus, vPAG: ventral periaqueductal grey matter,
VTA: ventral tegmental area.
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that is associated with excessive daytime sleepiness and sleep
attacks [83]. Inducing sleep by antagonising orexin at the
orexin OX1 and OX2 receptors with the competitive OX1
and OX2 receptor antagonists ACT-078573 (almorexant) or
SB-649868 is another upcoming pharmacological treatment
approach for primary insomnia [84].

As stated above, the hypothalamic-pituitary-adrenal
(HPA) axis appears to be disturbed in insomnia. Referring
again to the hyper-arousal model of insomnia, increased
activity of the paraventricular nucleus (PVN) might lead to
an increased CRH release, which (1.) results in an increased
activity of the wake-promoting LC and (2.) leads to an en-
hanced release of adrenocorticotropic hormone (ACTH)
from the pituitary gland and cortisol from the adrenal gland.
Thus, overactivity and dysregulation of the HPA axis might
contribute to the cause of some types of insomnia. Accord-
ingly, the usefulness of CRH receptor antagonists [19] and
also glucocorticoid (GR) and mineralocorticoid (MR) recep-
tor antagonists [10], has been discussed. However, to the
best of our knowledge, CRH, GR, or MR receptor antago-
nists are currently of less importance in the field of emerg-
ing insomnia treatments.

Conclusions

Insomnia is a clinically heterogeneous disease. In a theoret-
ical review, Roth [45] summarised evidence of sympathetic
nervous system hyper-arousal in insomnia including (1.)
elevated levels of circulating catecholamines, (2.) increased
basal metabolic rate, (3.) increased body temperature, (4.)
altered heart rate variability and reduced respiratory sinus
arrhythmia, as well as (5.) elevated beta EEG frequency and
cortical activation in the EEG. Beside these findings, indica-
tions of a cerebral hyper-arousal are obtained from neuro-
imaging studies, as shown above, and are also compati-
ble with the cognitive-behavioural or psychophysiological
model of insomnia. As outlined above, the hyper-arousal
model of insomnia is also in line with a possible common
underlying pathophysiology of insomnia and major depres-
sive disorder. Both pharmacological and non-pharmacolog-
ical therapies are effective in the treatment of primary in-
somnia. The pharmacological first-line treatment consists
of the use of benzodiazepines and the so-called Z drugs to
induce sleep onset and sleep maintenance. Current and
emerging pharmacological approaches are mainly based on
H, histamine receptor antagonism, 5-HT, serotonin receptor
antagonism, GABA, receptor agonism, MT, and MT, mela-
tonin receptor agonism, and OX; and OX, orexin receptor
antagonism (for a comprehensive review of current and
investigational approaches in treating insomnia see [84], for
emerging anti-insomnia drugs see [85]). Beside the devel-
opment of more selective drugs, future research is needed
to identify subtypes and biomarkers of insomnia in order
to choose a personalised treatment with the best possible
efficacy and the lowest risk of side effects.
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