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SLEEP REGULATION: A BIDIRECTIONAL INTERACTION BETWEEN BRAIN
AND THE ENDOCRINE SYSTEM
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Salvatore Mazza, Marianna Mazza

Abstract

The purpose of this review is to summarize the current neuroendocrine knowledge base with particular emphasis
on the bidirectional interaction on sleep regulation between the endocrine and the nervous system. These complex
systems interact at multiple levels, both neuroendocrine and neuronal pathways are involved in the control of the
humoral and cellular responses. Various hormones (peptides and steroids) participate in sleep regulation. A keyrole
was shown for the reciprocal interaction between sleep-promoting growth hormone-releasing hormone (GHRH) and
sleep-impairing corticotropin-releasing hormone (CRH). Besides of GHRH and CRH various other peptides and
steroids participate in sleep regulation, many of them act via GABAergic mechanisms. In the light of neurobiological
theories, primary insomnia may be conceptualised as the final common pathway of the interaction of a genetic
vulnerability to an imbalance between arousing and sleep-inducing brain centres with perpetuating mechanisms such
as maladaptive behaviours, learned sleep-preventing associations and cognitive factors.
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Abbreviations: 5-HT = serotonin; ACTH = adrenocorticotropic hormone; ADE = adenosine; ANS = autonomic nervous
system; AVP = arginine vasopressin, CNS = Central Nervous System; CRH = corticotrophin-releasing hormone; CSF =
cerebrospinal fluid; DHEA = dehydroepiandrosterone; EEG = electroencephalogram; EMG = electromyography; EOG =
electrooculography; FASPS = familial advanced sleep phase syndrome; GABA, = gamma-aminobutyric acid; GH = growth
hormone; GHRH = growth-hormone releasing hormone; GR = glucocorticoid receptor; HPA = hypothalamic-pituitary-
adrenal; HPS = hypothalamo-pituitarysomatotrophic; i.c.v. = intracerebroventricular; i.v. = intravenous administration; IL-6
= interleukin-6; LH = luteinizing hormone; MR = mineralocorticoid receptor; NE = norepinephrine; NPY = neuropeptide Y;
NREM = non rapid eye movement; NREMS = non rapid eye movement sleep; PGO = Ponto-geniculo-occipital; PRL =
prolactin; PVN = paraventricular nucleus; REM = rapid eye movement; REMS = rapid eye movement sleep; SCN =
suprachiasmatic nucleus; SRIH = somatostatin; SWA = slow wave activity; SWS = slow wave sleep; TRH = thyrotropin-
releasing hormone; VIP = vasoactive intestinal polypeptide; VLPO = ventrolateral preoptic area
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cerebrospinal fluid (Krueger and Obal 1993, Krueger
and Majde 1994).

A necessary step in deciphering sleep function is
to determine the mechanism by which the brain

Introduction

The hypothesis that sleep is regulated, in part, by
humoral mechanisms is an ancient one, being first

proposed by Aristotle, who suggested that vapors
emanating from the stomach during food digestion were
transported throughout the body causing sleepiness
(Krueger et al. 1998). Later, some researchers postulated
the fundamental idea of the existence of a sleep
regulatory substance chemically specificated (Krueger
et al. 1998). Afterwards, many investigators showed
the accumulation of sleep-promoting substances in
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produces sleep. The brain and the endocrine system are
the two major adaptive systems of the body. Advances
in the field of neuroimmunology and neuroendo-
crinology have shown that the central nervous system
(CNS) and endocrine system are intimately linked and
do not function as independent systems (Felten et al.
1987, Blalock 1994, Jiang et al. 1998, Dantzer 2004,
Wrona 2006). There is a strong evidence that the CNS
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receives messages from the endocrine system and vice
versa messages from the brain modulate endocrine
functions (Elenkov et al. 2000), thus, the brain and the
endocrine system are involved in a functional cross-
talk, whose main function is to maintain homeostasis.
Two fundamental processes have been implicated in
sleep regulation (Borbély and Tobler 1989, Krueger et
al. 1998). One of them is determined by the circadian
pacemakers and is proposed to act as a sleep threshold.
This process describes the common experience that the
easiness of falling asleep varies with the circadian
rhythm. The other process, called homeostatic sleep
regulation, encompasses the fact that the daily duration
of sleep is fairly constant in a given individual. The
concept of homeostatic sleep regulation implies that
sleep is wake dependent; unusually long wake periods
are followed by enhanced sleep. These circadian and
homeostatic processes result from the interaction of
humoral and neural mechanisms (Steriade and
McCarley 1990, Krueger et al. 1998).

The circadian rhythm of sleep is regulated by
complex interactions between the neural and endocrine
systems. Neuroendocrine peptides signal the CNS to
regulate normal sleep patterns, alter sleep during disease
and induce the altered behavior and symptoms
associated with illness. Patients often link their
insomnia to a wide variety of mental states, from anxiety
or depression to difficulties in interpersonal
relationships, family discord, problems at work and
financial troubles. In individual cases, it is not easy to
establish which of these factors is responsible for sleep
impairment (Culebras 2000). However, insomnia is not
entirely the result of psychological events such as a
disordered lifestyle, alcohol and drug abuse, bone and
muscle pain, bronchitis, gastritis, colitis, prostate
hypertrophy can all lead to insomnia. This is especially
true in the elderly, whose sleep is lighter and more
fragmented and who frequently suffer from pains and
resort to chronic sleep medication. Insomnia tends to
run in families, and patients often have other relatives
who suffer from anxiety, depression, irritability and
insomnia (Culebras 2000). Hence, both a genetic
predisposition and living with emotionally disturbed
people can lead to chronic insomnia in the same family.
Neurological disorders entail sensory-motor deficits and
behavioral problems and may thus favor the onset of
insomnia as they are a source of serious worries for the
patient and his family. CNS diseases may, however,
involve the nervous system structures responsible for
the physiological control of wake and sleep and
therefore lead to sleep impairment (Culebras 2000).

In a notable way a profound and generalized
impact of sleep on the endocrine system should
therefore be expected. Sleep regulation is configured
as the reciprocal action and influence of brain and
endocrine system. The metabolism and hormone
secretion might control sleep but the physiological
processes driving this bidirectional relationship have
not been fully elucidated. Sleep has an effect on the
production and hormones’ action influencing the
secretion of peptides and varying blood levels of many
hormones. Sleeping and neuropeptides are intricately
related. This paper argues for a conceptualization of a
bidirectional relationship between brain and endocrine
system. The purpose of this review is to evaluate
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existing evidence provided by literature data and to
consider how findings from the available studies
indicated the possible existence of a bidirectional
relationship between brain and endocrine system. The
review discusses characteristics of sleep regulation and
synthesis of hormones involved in sleep leading to a
greater recognition of their impact on multiple aspects
of individuals’ lives. Sleep disorders can occur as a
result of habitual behavior or due to the presence of a
pathological condition. Specific references to insomnia
are among the purposes of the present paper to facilita-
te a more comprehensive knowledge and to enhance
the early recognition and treatment of sleep disorders
as well as to generate further research on the role and
the impact of humoral mechanisms on sleep regulation.

Neurobiology and Neuroanatomy of sleep

Sleep is a function of the brain. Like wakefulness,
sleep originates in centers located in the brainstem,
hypothalamus, thalamus and basal forebrain. The
hemispheric cortex also intervenes in the development
of sleep as a resonating organ, but appears to have no
primary functions. Lesions of any nature affecting these
segments of the nervous system will be reflected in an
alteration of sleep and vigilance. Not all sleep disorders
can be explained on a neuroanatomical basis suggesting
neurochemical alteration of functions that remain to be
uncovered (Culebras 2000).

To understand sleep generation, one must
comprehend the origin of wakefulness. Neurons
involved in promoting wakefulness are located in the
reticular formation of the brainstem (ventral medullary,
central pontine, and midbrain reticular formation),
posterior hypothalamus, and basal forebrain (nucleus
basalis of Meynert or substantia innominata, nucleus
of diagonal band, and septal nucleus), subthalamus, and
reticular nuclei of the thalamus (ventromedial,
intralaminar, and midline thalamic nuclei). Wakefulness
is maintained by tonic activity in the reticular activating
system reinforced via collaterals by sensory input
(Culebras 2000). The most powerful influences are
acoustic and painful stimuli. Reticular system activation
ascends via the brainstem reticular formation into the
nonspecific thalamic system, from where it is
transmitted to the cortex of the forebrain. An alternati-
ve extrathalamic route originates in the subthalamus,
posterior hypothalamus, and basal forebrain projecting
to the entire cortical mantle (Culebras 2000).

Basic mechanisms and physiological
characteristics of sleep regulation

A combination of electroencephalography,
electromyography (EMG), and electrooculography
(EOG) are used in the laboratory setting to objectively
identify different stages of sleep (Datta and Hobson
1995, Datta et al. 1997). These measurements are
collectively known as polysomnography (Datta and
Maclean 2007). A widely held, albeit simplified,
operational definition of sleep is that of a natural state
characterized by a reduction in voluntary motor activity,
a decreased response to stimulation (i.e., increased
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arousal threshold), and stereotypic posture. Sleep is
readily distinguishable from other states of altered
“consciousness,” such as coma and anesthesia, in that
it is easily reversible and self-regulating. During
wakefulness, the cortical EEG typically contains
desynchronized high-frequency, low-amplitude waves
in the 14- to 30-Hz range (i.e., beta waves), presumably
reflecting differences in the timing of processing of
cognitive, motor, and perceptual functions. During
“quiet rest,” when the eyes are closed, EEG oscillations
predominate in the 8- to 12-Hz range and are referred
to as alpha waves (Fuller et al. 2006).

Recent studies show that the oscillations during
REMS are driven by neurons in the precoeruleus area
in the pons and that the REMS atonia is caused by
neurons in the adjacent sublaterodorsal area (Lu et al.
2006). These “REM-on” zones are inhibited by a nearby
“REM-off” region, including the ventrolateral
periaqueductal gray matter and lateral pontine
tegmentum. The REM-on area also can inhibit the
REM-off area, and the mutual inhibition between these
regions produces a “flip-flop” switch, which ensures
sharp and complete transitions between REM and
NREM sleep. This REM switch is in turn modulated
by cholinergic neurons (which promote REMS) and
noradrenergic and serotoninergic neurons (which inhibit
REMS) (McCarley 2004, Fuller et al. 2006). By virtue
of the self-reinforcing nature of these switches (i.e.,
when each side is firing, it reduces its own inhibitory
feedback), the flip-flop switch is inherently stable in
either end state but avoids intermediate states. The flip-
flop design thus ensures stability of the behavioral sta-
te and facilitates rapid switching between behavioral
states. Flip-flop switches also possess, at times, the
undesirable property of abruptly undergoing unwanted
state transitions. The frequency of unwanted state
transitions may increase if one side of the switch is
“weakened,” as the weakened side becomes less able
to inhibit the other side, thereby biasing the switch more
toward a midpoint where smaller perturbations may
trigger a state transition (Fuller et al. 2006).

Association between circadian rhythm and
sleep regulation

It is well known fact that the central pacemaker
for the mammalian circadian clock is located within
the suprachiasmatic nucleus (SCN) (Moore and Eichler
1972, Stephan and Zucker 1972, Drucker-Colin et al.
1984, Prosser and Gillette 1989, Ralph et al. 1990).
Several genes expressed both in the SCN nucleus and
in non-neural tissues are involved in circadian rhythm
regulation (Lowrey and Takahashi 2004), and the use
of gene microarrays reveals that expression of several
hundred genes in the mouse liver vary in a cyclical
pattern over the course of a 24-hour day (Lowrey and
Takahashi 2004). Currently, it is believed that the timing
of sleep and wakefulness is mediated by two
interconnected processes: a homeostatic regulatory
process that increases during waking and decreases
during sleep, together with a circadian clock-dependent
mechanism (Lowrey and Takahashi 2004). Clock-
dependent mechanisms clearly influence sleep-wake
cycles during jet lag and appear responsible for chronic

194

sleep disorders associated with inappropriate sleep-
wake cycles, such as those that occur in shift workers
(Lowrey and Takahashi 2004, Majde and Krueger
2005).

Although relatively little is known regarding the
genetic basis of sleep, there is a wealth of information
on the genetics of circadian clock function across
species. Sleep and circadian function are distinct
processes that interact in living organisms. Even though
these two systems can operate independently, recent
studies indicate a more intimate relationship (Kilduff
et al. 2008). Over the last decade, genetic material has
been collected from individuals and families with
circadian rhythm disturbances including familial
advanced sleep phase syndrome (FASPS) and familial
delayed sleep phase syndrome. To date, two genetic
causes of FASPS have been reported. The first described
cause is a mutation in hPER2, a homolog of the fly
gene that was the first gene determined to be necessary
for proper circadian rhythmicity (Toh et al. 2001). This
mutation occurs in a region that is important for the
suppressor function of the PER2 protein in the core
molecular clock (Xu et al. 2007). The second known
cause is a mutation in a gene encoding a protein kinase
called casein kinase I 6 (CKI 6) (Xu et al. 2005). CKI &
is also a human homolog of fly and hamster genes
known to be critical for proper circadian function.
Transgenic mice harboring the human mutation also
have a circadian phenotype. This mutation leads to a
lowered enzymatic activity which then causes the
circadian phenotype. Recently, Kilduff and colleagues
have identified a mutation in another transcriptional
suppressor of the molecular clock that leads to a natural
short sleep phenotype in humans. This discovery
represents a new opportunity for us to begin to probe
the mechanisms of sleep homeostasis in humans
(Kilduff et al. 2008).

Sleep and the endocrine system in infancy

Despite the fact that infants spend more time asleep
than awake, an understanding of the importance and
effects of sleep on the pathophysiology of illness in
infancy is a relatively recent development. In newborn
infants, the signature EEG features that characterize
different sleep stages in adults are not discernible and
a combination of EEG and behavioral criteria is often
used to assign sleep state during this period of
development (Anders et al. 1971, Heraghty et al. 2008).
In preterm and term newborns, the predominant sleep
state is active sleep, whose proportion diminishes
rapidly over the first few months after birth to reach
25% of total sleep time (approaching adult values) at
the age of 6 months (Ficca et al. 2000). There are
complex interactions between the development of
diurnal rhythms and hormonal secretion during sleep
in infancy (Rivkees 2003). Growth hormone is secreted
exclusively during sleep, melatonin passes through the
placenta, so that maternally derived melatonin can drive
fetal diurnal rhythms (Breen et al. 1996). Melatonin
has radical scavenging properties (Reiter et al. 1995),
and it has been proposed that it can function as a tissue
protector as well as having a role in brain development
(Reiter etal. 1995, Breen et al. 1996, Ardura et al. 2003,
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Jan et al. 2007). Maturation of the diurnal rhythm of
melatonin production takes place from about 2 months,
although maturation is delayed in premature infants
(Welin et al. 2007). This has led to the suggestion that
melatonin might help establish circadian rhythms in
preterm infants (Ardura et al. 2003, Jan et al. 2007).
The development of a diurnal pattern of cortisol
production varies between infants but is commonly
present from 2 months of age (Kennaway et al. 1992).
It is not clear when this occurs in preterm infants, but
one small study found onset at a similar postnatal age
to the development of a diurnal sleep—wake cycle
(Santiago etal. 1996). However, a delay in the overnight
reduction of cortisol production was found in infants
with intra-uterine growth retardation, with the
possibility that this reflects fetal programming that
continues into adulthood (Jackson et al. 2004).

Gender differences in sleep regulation

Most studies on sleep have been performed
selectively in men or male. This is because females are
more heavily influenced by cyclic sex hormones that
may affect sleep-wake structures. Indeed, women often
develop sleep disturbances in association with
reproductive events. During the menstrual cycle, some
women feel sleepier during the luteal phase than the
follicular phase (Kimura 2005). During pregnancy,
sleep dynamics change in women (Driver and Shapiro
1992, Hertz et al. 1992) and its significance associated
with human pregnancy is detected by a quantitative
analysis of sleep EEG. A progressive reduction of power
density during NREMS occurs in the third trimester
(Brunner et al. 1994), likely resulting in sleep
maintenance insomnia. On the contrary at postpartum,
the power in lower frequency bands during NREMS
recover or rather increase (Nishihara et al. 2004).
Changes in power density of sleep EEG dependent on
reproductive potentials could be produced in part by
an interference with progesterone that is capable of
modulating the gamma-aminobutyric acid (GABA,)
receptor complex responsible for the regulation of sleep
(Wilson 1992, Lancel et al. 1999, Kimura 2005).

Recently argued are gender differences in sleep
regulation by particular sleep-promoting substances.
For instance, growth-hormone releasing hormone
(GHRH) is known to act on the somatotropic axis,
stimulate growth hormone (GH) secretion, and promote
NREMS (Obal and Krueger 2001). However, the action
in females is a bit different from those confirmed in
male subjects. Nevertheless in both genders
exogenously administered GHRH is capable of
increasing plasma levels of GH, sleep not being affected
in females or even inhibited during the night
(Antonijevic et al. 2000a). This can be explained on
the basis of gender differences in hormonal regulation.
It was originally published in 1968 by Takahashi et al.
that the dominant release of GH in humans corresponds
with an occurrence of deep sleep that appears during
the first cycle of overnight sleep (Takahashi et al. 1968).
However, this does not to apply to the case of young
women: the peak levels of plasma GH are lower than
male peaks, but the dominant release can happen more
often during the night corresponding with deep sleep
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at both the first and second cycles (Antonijevic et al.
1999). It has been discovered that females possess a
more activated HPA axis, in which baseline levels of
stress hormones (e.i. glucocorticoids) are higher than
in males (Spinedi et al. 2002). In the case of females,
GHRH may not counteract the HPA system, but rather
stimulate stress reaction, then result in suppression of
SWS (Antonijevic et al. 1999, Kimura 2005).

Both men and women often suffer from disturbed
sleep. Recent studies report that a deterioration in sleep
EEG starts earlier in men than women (Ehlers and
Kupfer 1997). However, women suffer more than men
when a component of their reproductive function
declines (Antonijevic et al. 2000b). Sleep problems are
a major complaint in postmenopausal women. Lower
levels of ovarian hormones but higher secretion of
gonadotropins from the pituitary gland are a key
complex in creating uncomfortable sleep hygiene.
Hormonal replacement therapy (HRT) has been
attempted mostly in Western countries to cure
postmenopausal symptoms including insomnia.
Estrogen replacement is reported to help restore the
normal sleep EEG in postmenopausal women and
further improving cognitive function during the day
(Antonijevic et al. 2003). However, HRT is now under
criticism because of the increased risks of mammary
cancer and cardiovascular diseases (Rossouw et al.
2002).

After menopause when elderly women cope with
a decline of ovarian function, vulnerability to sleep
disorders as well as depression is still higher in women
compared with men. In this case, it is difficult to predict
what may explain the difference in the genders. It is
necessary to investigate the sexual dimorphisms of
sleep-wake activities to understand gender-specific
regulation (Kimura 2005).

Neuroendocrine system during ageing

Ageing affects the endocrine system by altering
cells, the hormones produced by these cells and
hormone receptors or post-receptor processes in the
target cells (Rehman and Masson 2001).
Correspondingly in the elderly the amounts of SWS
and SWA are low and sleep continuity is disturbed.
REMS time and REMS latency decrease in higher age.
During ageing GH secretion decrease (Van Cauter et
al. 1998), in men about 70% of the daily GH output
occurs during early sleep. In women, the contribution
of sleep-dependent GH release to the daily output is
lower (Rehman and Masson 2001). A decline in pulsa-
tile release of GH may be directly or indirectly
responsible for the age-related decline in protein
synthesis. There is a negative correlation between the
density of GH-binding sites in the human brain and
increasing age (Lai et al. 1993). This reduction in the
density of GH binding is found in several areas of the
brain, including the choroid plexus, the hippocampus,
the hypothalamus, the pituitary and the putamen
(Rehman and Masson 2001). The reduced GH secretion
in old age may be responsible of the increased risk of
falls and fractures and GH deficiency may contribute
to the development of cardiac failure (Rehman and
Masson 2001).
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The circadian rhythm of adrenocorticotrophic
hormone and cortisol secretion is flattened in old people.
The cortisol circadian profile is higher in the evening
and night time in elderly subjects (Ferrari et al. 1996).
Alterations in cortisol control may have a number of
adverse clinical consequences such as depression
(Rehman and Masson 2001). There is evidence of long-
term damage to the hippocampal neurones from a
chronically elevated cortisol stress response that may
result in memory impairment (Lupien et al. 1994).

The serotonin (5-HT) secretion changes
throughout the lifespan. Serotonin is one of the main
regulators of circadian sleep/wake cycles, total brain
5-HT levels decrease with age (Bertler 1961) and
deficiency of serotonin is associated with many
psychiatric and neurological disorders, including sleep
disorders and some forms of dementia (Rehman and
Masson 2001).

Deterioration of the reproductive function with
ageing is complex and conducted to a decrease in
hormones concentrations (Zumoff et al. 1982, Tenover
et al. 1987). Testosterone production shows loss of its
circadian rhythm with ageing (Bremner et al. 1983).
The production rate and plasma clearance of
testosterone decrease in older men, testosterone is
associated with an increase in grip and leg strength, as
well as increased muscle mass and protein synthesis
(Tenovr 1992, Sih et al. 1997). Women show reduced
concentrations of luteinizing hormone (LH)-releasing
hormone with advancing age. The sensitivity of the HPA
axis to negative feedback is also attenuated in post-
menopausal women, perhaps due to hypothalamic
decline rather than to a pituitary hypofunction
(Rossmanith et al. 1994, Rehman and Masson 2001).
Elevated HPA activity impairs the capacity to cope with
stress and elevates the risk for depression and
cardiovascular diseases in higher age (Steiger 2003).

This complex pattern of age-related changes of
sleep-endocrine activity mirrors a central process of
ageing with major consequences to mental and physical
health. The changes of sleep EEG correspond to a
greater incidence of insomnia and other diseases
(Steiger 2003).

Link between nervous system and the
neuroendocrine axis

It is established a communications between the
nervous system and the endocrine system as well as
the implications of these linkages for physical and
mental health, thereby focusing on the measurable
interaction between psychological and physiological
processes (Ziemssen and Kern 2007). Both endocrine
and nervous (primarly sympathetic) system routes allow
biologically active molecules such as multiple chemical
messengers, growth factors and their respective receptors.
Thus, these two elaborate systems relevant for sensing
danger and mounting a counterattack to these threats are
inextricably linked (Ziemssen and Kern 2007).

The two major pathways that link the brain and
the endocrine systems are the autonomic nervous system
(ANS) via direct neural influences and the
neuroendocrine humoral outflow via the pituitary gland.
The ANS regulates the function of all innervated tissues
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and organs throughout the vertebrate body with the
exception of skeletal muscle fibres. Thus, it forms the
major efferent component of the peripheral nervous
system, containing integrative neuronal connections and
even complete reflex arcs. The ANS is largely
autonomous in that its activities are not under direct
conscious control. The ANS consists of three
components: the sympathetic (noradrenergic) and
parasympathetic (cholinergic) systems, which origina-
te in the CNS (with cell bodies in the brainstem and
spinal cord), and the enteric system, which lies within
the wall of the gastrointestinal tract (Ziemssen and Kern
2007).

The HPA axis comprises the neuroendocrine
system that controls reactions to stress and has
important functions in regulating various body
processes such as digestion, the immune system and
energy mobilisation (Chrousos 1995, Sapolsky et al.
2000, Ziemssen and Kern 2007). The key element of
the HPA axis is the hypothalamus, which contains
parvocellular and magnocellular neurones that
synthesise and secrete vasopressin and corticotrophin-
releasing hormone (CRH). These two peptides regulate
the anterior lobe of the pituitary gland. In particular,
CRH and vasopressin stimulate the secretion of
adrenocorticotropic hormone (ACTH). ACTH, when
released from the pituitary gland, in turn acts on the
adrenal cortices, which produce glucocorticoid
hormones. Glucocorticoids in turn act back at the
hypothalamus and pituitary in an inhibitory fashion
(negative feedback) (Keller-Wood and Dallman 1984,
Ziemssen and Kern 2007).

Some studies in insomniac patients seem necessary
to determine the extent of neuroendocrine abnormalities
during early stages of the insomnia, during the chronic
course and during successful treatment of the sleep
deficit (Riemann et al. 2009). Irwin et al. (Irwin et al.
2003) demonstrated an association between insomnia,
nocturnal sympathetic arousal and declines of nocturnal
immunity. Vgontzas et al. (Vgontzas et al. 1999) found
that the daytime secretion of interleukin-6 (IL-6) is
negatively influenced by the quantity and quality of
the previous night’s sleep. Vgontzas and coworkers
(Vgontzas and Chrousos 2002) demonstrated increased
IL-6 levels in insomnia, though mainly during daytime,
hypothesizing that this might explain the experience of
increased daytime fatigue in insomniac patients. In a
study by Burgos et al. (Burgos et al. 2006) it has been
showed increased levels of IL-6 during night-time sleep
in primary insomniacs. Data indicate the presence of
neuroendocrine and neuroimmunological alterations in
primary insomnia compatible with the assumption of
hyperarousal. The direction of cause-effect relationships
between these alterations, the insomnia disorder and
the hyperarousal have yet to be determined. It has also
been speculated that the sleep loss due to the insomnia
may drive the neuroendocrine and neuroimmunological
alterations, as it has been shown that short-term
experimental sleep loss or sleep restriction may have
sequelae similar to those described in chronic insomnia
(Spiegel et al. 1999, Riemann et al. 2009).

The common denominator for the effect of the HPA
axis on sleep EEG depends on CRH, with CRH
decreasing SWS and increasing wakefulness.
Furthermore, Buckley and Schatzberg proposed that
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mineralocorticoid receptors (MRs) and glucocorticoid
receptors (GRs) can be activated or suppressed to
modify CRH levels via their feedback relationships on
CRH. CRH suppression is enhanced by MR-mediated
paraventricular nucleus (PVN) inhibition, particularly
via the hippocampus. This would augment CRH
suppression in the early sleep period and at the time of
the nocturnal nadir, when SWS is expected to occur. In
contrast, excess GR activation at the level of the
amygdala (as opposed to at the PVN) may activate CRH
(Reul and Holsboer 2002) and decrease SWS (Buckley
and Schatzberg 2005). MR and GR can be activated by
cortisol as well as by other agents. At low endogenous
or exogenous cortisol levels at which only MRs are
activated, SWS is enhanced. At medium cortisol levels
at which MRs and PVN GRs are activated, SWS is
enhanced. At very high cortisol levels or in times of
stress, where possibly amygdala GRs are significantly
occupied relative to PVN GRs, SWS is decreased
(Buckley and Schatzberg 2005).

HPA axis hyperactivity can have many negative
effects on sleep. It can lead to sleep fragmentation,
decreased SWS, and shortened sleep time. Likewise,
sleep disturbances can exacerbate HPA axis
dysfunction, worsening the cycle (Buckley and
Schatzberg 2005). In insomnia, HPA axis hyperactivity
inhibits sleep and increases awakenings. Buckley and
Schatzberg believed that this effect is mediated by
increased nocturnal CRH and norepinephrine (NE), and
that the increased nocturnal cortisol reported in
insomnia (Rodenbeck and Hajak 2001, Vgontzas et al.
2001a, Rodenbeck et al. 2002) is a marker for elevated
nocturnal CRH (and possibly elevated central NE).
Likewise, fragmented sleep increases HPA axis activity,
creating a vicious cycle. Furthermore, alterations in
fatigue-producing cytokines may explain the daytime
complaints of tiredness and fatigue. Correction of HPA
axis abnormalities with GR and CRH antagonists, and
possibly MR agonists, may offer a potential means to
decrease nocturnal CRH and help restore normal sleep
(Buckley and Schatzberg 2005). Additional studies to
explore the role of the HPA axis in the etiology or
clinical manifestations in sleep disorders as well as
others are warranted. These may lead to new forms of
prevention as well as treatment (Buckley and
Schatzberg 2005).

Role of peptides in humoral mechanism of
sleep regulation

Until recently, insomnia, especially primary
insomnia, was mainly conceptualised as a psychological
disorder caused by psychosocial stress and maintained
by maladaptive behaviours and conditioned arousal
leading to the subjective experience of disturbed sleep
which could not, however, be corroborated by objective
measures of sleep such as polysomnography (American
Psychiatric Association 1994). It may turn out that
insomnia can be conceptualised as a psychobiological
disorder which is not only linked with alterations on a
psychological level, but which is accompanied by
measurable deviations in neuroendocrine variables,
neurophysiological, structural and functional alterations
of the brain (Riemann et al. 2009).
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The concept of humoral, rather than neural,
regulation of sleep dates as far back as to almost 100
years ago. Kuniomi Ishimori and Henri Piéron (Kubota
1989, Hayaishi and Matsumura 1995) independently and
concurrently took samples of the cerebrospinal fluid
(CSF) of sleep-deprived dogs and infused them into the
brain of normal dogs. The recipient dogs soon fell asleep,
thus these two authors became the first to demonstrate
the presence of endogenous sleep-promoting substances,
but the chemical nature of their sleep substances was
not identified. During the next 90 years or so, nearly 50
endogenous sleep substances were reported by numerous
investigators to be present in the brain, CSF, and other
organs and tissues of mammals, although their
physiological relevance has remained uncertain in most
instances (Inoué 1989, Hayaishi 2005).

Data reported in literature (Steiger 2003) show that
variuos peptides and steroids exert specific effect on
sleep (Table 1). It appears likely, that a reciprocal
interaction of the key hormones of the hypothalamo-
pituitarysomatotrophic (HPS) and HPA systems, GHRH
and CRH plays a major role in sleep regulation. Besides
of GHRH and CRH various other peptides and steroids
participate in sleep regulation, many of them act via
GABAergic mechanisms (Steiger 2007).

Atthe molecular level, neuro- and endocrine signal
molecules such as hormones, neurotransmitters and
neuropeptides, or their receptors are member of the
same superfamily which enable the mutual
neuroendocrine communication interacting by
subcellular and molecular mechanisms. At the
neuroanatomical level, advances in neuroendocrine
communication have been made in the role of discrete
brain areas related to emotionality (Wrona 2006). It has
been obseved a significant progress in sleep research
on the humoral mechanisms of sleep regulation and
opened up a new frontier by elucidating the interplay
between the humoral regulation and the neural network.
Many more important questions remain to be answered,
hopefully the fruits of current studies will provide a
basis for further studies to solve the remaining
formidable problems pertaining to sleep.

Concluding remarks and future directions.

A series of findings over the past decade has begun
to identify the interactions of human sleep structure and
the endocrine system under physiological and
pathophysiological conditions, including studies that
probe the sleep effects of systemically administered HPA
hormones (Friess et al. 1995b). Human sleep is regulated
by a concerted action of various signal compounds acting
at sleep-generating neurons whose central organization
is not yet fully understood. During nocturnal sleep the
endocrine system is remarkably active, the longest
established finding being that GH release is associated
with the initiation of sleep and that there is a steep
morning rise of cortisol (Weitzman et al. 1966, Takahashi
et al. 1968). Moreover, the effects of exogenously
administered corticosteroids and of their excessive
endogenous release (e.i. Cushing’s disease) were
recognized more than 20 years ago (Friess et al. 1995b).

A growing body of literature demonstrates that the
hormones involved in the regulation of the HPA system
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Table 1. Sleep-associated hormone secrection of various neuropeptides and neuroactive steroids synthesized in

the brain

Hormone

Function

Growth hormone-releasing hormone
(GHRH)

GHRH appears to play a key role in promoting NREMS,
particularly improving the frequency of delta waves after
GHRH administration (Marshall et al.1996). The sleep-
promoting effects of GHRH varies with age: in young
subjects enhances SWS and diminishes in wakefulness time,
whereas in aged individuals induces NREMS and sleep
continuity, showing a declined sleep-promoting in the elderly
(Guldner et al. 1997, Kotronoulas et al. 2009).

Somatostatin (SRIH)
and analogues

SRIH exerts an inhibitory action on NREMS. Marked age-
dependent differences have been reported in the action of
SRIH. SRIH impairs sleep in the elderly (Friboes et al. 1997),
while it shows no effect in young subjects (Steiger et al. 1992;
Kotronoulas et al. 2009). Recent studies have shown that two
sleep-modulating peptides with structural similarity to the
somatostatin family are implicated in a variety of sleep
processes. Urotensin Il modulates REM sleep (de Lecea and
Bourgin 2008), whereas cortistatin promotes SWS (de Lecea
2005, Kotronoulas et al. 2009).

Ghrelin

Ghrelin has recently been identified as a sleep-promoting
substance that increases SWS, SWA and GH in young men
(Arvat et al. 2001, Weikel et al. 2003, Kotronoulas et al.
2009).

Cortisol, glucocorticoid and mineralcorticoid
receptor ligands

Cortisol interacts strongly with mineralcorticoid receptors
(MR, type I) and could be easily associated with the ligand-
binding domain of glucocorticoid receptor (GR, type II).
There are some reason to postulate that MR might modulate
SWS and GR might modulate REMS (Kotronoulas et al.
2009). Cortisol enhances SWS and SWA (Friess 1994,
Bohlhalter et al. 1997, Friess 2004) and decreases REM
(Bohlhalter et al. 1997).

Corticotropin-releasing hormone
(CRH)

CRH is the key hormone of HPA system. CRH plays an
important role in wake and NREMS regulation (Romanowski
et al. 2010). CRH has been reported to increase wakefulness
(Vgontzas et al. 2001b) and to decrease SWS in young
subjects and REM sleep (Holsboer et al. 1988, Vgontzas et
al. 2001b, Kotronoulas et al. 2009).

Adrenocorticotropin
(ACTH)

ACTH evokes a suppression of REM sleep (Fehm et al. 1993).
Furthermore the precise function remains unclear, ACTH may
act changes in sleep architecture (Steiger et al. 2002) or it
may be a related phenomenon (Kotronoulas et al. 2009).

Arginine vasopressin
(AVP)

AVP has been shown to exert a strong ameliorating effect on
SWS and REMS (Steiger 2007, Perras et al. 1999, van West
et al. 2004, Kotronoulas et al. 2009).

Prolactin
(PRL)

Data accumulated have suggested the involvement of PRL
in REMS regulation (Roky et al. 1995), but in humans studies
PRL’s effects are weak (Kotronoulas et al. 2009).
Furthermore, patients affected by prolactinoma show
increased SWS in comparison with control subjects (Frieboes
et al. 1998).

Vasoactive intestinal polypeptide
(VIP)

VIP promotes REMS and NREMS in animal models
(Drucker-Colin et al. 1984). In young individuals VIP
decelerates NREMS-REMS cycles (Murck et al. 1996). The
results suggest that VIP may affect the circadian clock
(Kotronoulas et al. 2009).
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Table 1. (continued)

Hormone

Function

Galanin

The role of galanin as a possible sleep regulating neuropeptide
can lead to increased SWS and duration of REMS periods in
normal controls (Murck et al. 1999, Murck et al. 2004).
Interestingly, galanin might play a role in susceptibility to
female panic disorder because of six polymorphisms located
within the gene coding for galanin (Unschuld et al. 2008,
Kotronoulas et al. 2009).

Adenosine
(ADE)

ADE is a homeostatic sleep factor (Huang et al. 2011) and
plays a significant role in sleep-wakefulness regulation
(Thakkar et al. 2008). Retey et al. found a polymorphism of
ADE involved in sleep architecture (Rétey et al. 2005,
Kotronoulas et al. 2009).

Hypocretin/Orexin

Hypocretin/Orexin play a key role in maintaining alertness
and managing REMS (Nishino 2003 Taylor and Samson
2003; Nishino 2007, Watson et al. 2008, Kotronoulas et al.
2009).

Neuropeptide (NPY)

NPY induces decreases in sleep latency and in the first REMS
period (Antonijevic et al. 2000c). In depressed subjects
administration of NPY shortens sleep latency (Held et al.
2006, Kotronoulas et al. 2009).

Estrogens

Estrogens promotes an increase of REMS density in
postmenopausal women (Shin and Shapiro 2003). Data have
reported an improvement of sleep disorder after estrogen
replacement therapy (Wiklund et al. 1993, Polo-Kantola et
al. 1998, Kotronoulas et al. 2009).

Dehydroepiandrosterone
(DHEA)

DHEA appears to enhance REMS in young controls (Friess
et al. 1995a), whereas there are no appreciable changes in
the REM sleep parameters of postmenopausal women (Dayal
et al. 2005, Kotronoulas et al. 2009).

Melatonin

Melatonin has sleep-promoting properties and shortens sleep
latency (Zhdanova et al. 1996). Zhdanova et al. found that
supplemental melatonin can induce sleep in normal controls
(Zhdanova 2005). Van den Heuvel et al. substained that
melatonin might be effective as a sleep aid only under certain
conditions (Van den Heuvel et al. 2005, Gehrman et al. 2009).
Recent studies have demonstrated the efficacy of melatonin
in insomniac patients (Wade and Downie 2008, Kotronoulas
et al. 2009).

Thyrotropin-releasing hormone
(TRH)

Data indicates that there may be an association between TRH
production and sleep (Nishino et al. 1997), but the role of
TRH remains unclear (Kotronoulas et al. 2009). TRH reveals
a mild action in decrease of sleep efficiency (Hemmeter et
al. 1998).

exert distinct and discernible effects upon the sleep
EEG. These effects are part of the body’s adaptation to
specific demands such as coping with stress (Friess et
al. 1995b).

The reviewed data show a bidirectional interaction
between the brain and the endocrine system. Various
HPA hormones exert specific effects on the sleep EEG.
It is well documented that CRH enhances vigilance and
impairs sleep. Changes in the CRH:GHRH ratio in
favour of CRH appear to contribute to shallow sleep,

Clinical Neuropsychiatry (2011) 8, 3

elevated cortisol and blunted GH during depression and
ageing. On the other hand, data suggest CRH-like
effects of GHRH in women (Steiger et al. 2002).

There is compelling evidence to show that the
endocrine system can communicate with the CNS
(Wrona 2006). This mutual functional relationship in-
clude selective brain areas that may neutralize the
effects of extreme stress and offers a new direction for
therapy.

However, the exact mechanisms that underlie the
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relationship that links anabolic processes in the body
with behavioral rest and decreased cerebral metabolism
remain to be elucidated. In the future studies it should
be enlarged the knowledge of sleep in endocrine
disorders and simultaneously investigate sleep EEG and
HPA hormones in under-researched psychiatric
disorders with HPA abnormalities. The continuance of
research regarding the mechanisms of sleep regulation
is imperative to elucidating the importance of functional
sleep. Studies that seek to expand knowledge of sleep
on the molecular and biochemical level have the
potential to give new insight into diagnostic criteria and
possible treatment strategies for many disorders of
which disturbed sleep is symptomatic. Progressive
research in intracellular signaling pathways holds
perhaps the greatest potential to fully understanding
the mechanisms by which men generate and maintain
normal sleep.
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