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Abstract
At its most basic level, the function of mammalian sleep can be described as a restorative process of
the brain and body; recently, however, progressive research has revealed a host of vital functions to
which sleep is essential. Although many excellent reviews on sleep behavior have been published,
none have incorporated contemporary studies examining the molecular mechanisms that govern the
various stages of sleep. Utilizing a holistic approach, this review is focused on the basic mechanisms
involved in the transition from wakefulness, initiation of sleep and the subsequent generation of slow-
wave sleep and rapid eye movement (REM) sleep. Additionally, using recent molecular studies and
experimental evidence that provides a direct link to sleep as a behavior, we have developed a new
model, the Cellular-Molecular-Network model, explaining the mechanisms responsible for
regulating REM sleep. By analyzing the fundamental neurobiological mechanisms responsible for
the generation and maintenance of sleep-wake behavior in mammals, we intend to provide a broader
understanding of our present knowledge in the field of sleep research.
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1. Introduction
Sleep is a highly evolved global behavioral state in the mammalian species. Over the last fifty
years, phenomenological and mechanistic aspects of sleep have been studied more carefully
and extensively than the waking states. Many philosophers and scientists have behaviorally
defined this state in a variety of terms; yet none of those single-state definitions have succeeded
in satisfying all aspects of sleep. This failure to define sleep as a single-state lies in the fact
that it is not a homogenous state, rather a continuum of a number of mixed states. The different
components of this sleep continuum in the mammalian species could broadly be divided into
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two major states: non-rapid eye movement (NREM) and rapid eye movement (REM). These
two states can be identified objectively using behavioral and physiological signs. For the past
fifty years, scientists have debated sleep as either an active or passive process of the brain and
body. Recent research, however, reveals initiation of NREM sleep is a passive metabolic
process of the body and brain but its maintenance is an active process of the brain. Conversely,
both initiation and maintenance of REM sleep are active processes of specific neuronal cell
groups that form a network located within the caudal midbrain and pons. Although these two
sleep states occur in a relatively predictable manner, this predictability could become highly
erratic depending on the existing mental and physical state, time, and surrounding space.
Utilizing experimental evidence that provides direct link to sleep as a behavior, the aim of this
review is focused on the basic mechanisms involved in the transition from wakefulness,
initiation of sleep and the subsequent generation of slow-wave sleep (SWS, the latter part of
NREM sleep) and REM sleep. Although, in recent years, a number of excellent reviews have
been published, most have focused narrowly on findings that support the reviewer’s theory.
By doing so, majority of those review articles ignored some of the most important findings of
the last 20 years, especially to describe the mechanisms of REM sleep. Using a holistic
approach, this review/commentary article incorporates those important findings in relation to
existing literature and views of many different “Pundits”. During the last 20 years, a number
of specific functions of sleep have also been discovered, but detailed discussion of those
functional advantages and disadvantages of NREM and REM sleep are beyond the scope of
this review.

2. Historical background on consciousness and identification of sleep stages
Before the middle of twentieth century, scientists and philosophers have assumed that sleep is
a passive unconscious state (reviewed in Gottesmann, 1999). This assumption was based
mainly on the subjective experiences during sleep, such as loss of consciousness and inability
to recall mental activity. Regrettably, these scientists and philosophers appeared to have
ignored consideration of the earliest descriptions regarding the different levels of consciousness
across sleep-wake states. An ideal analysis of the states of sleep would include a critical
examination of the intricacies of consciousness; however, since most modern research on
consciousness is emerging as an independent field, and to describe that research requires
considerable space, this article merely provides a description of consciousness as it relates to
different stages of sleep.

Philosophical speculation regarding the nature and types of sleep are as old as our recorded
history of human civilization (Vedas, undated between 16th and 11th century BC) (see Datta,
2006). In early Hindu civilization, also known as Indus Valley civilization, philosophers
divided levels of consciousness into four different states. Of those four states, sleep was divided
in two distinctly different types, “Prajna” and “Taijasa”. The first type of sleep, Prajna, meaning
dreamless sleep, is considered a state of deep sleep equivalent to modern day NREM sleep.
This state of consciousness is characterized by abounding bliss in which a veil of apparent
unconsciousness envelops our thought and knowledge, and the subtle impressions of our mind
seem to vanish. In short, this is a stage ideally suited for our body and mind to rest and replenish,
erasing mental excesses acquired during wakefulness, or “Vaisvanara”. The second type of
sleep, “Taijasa”, meaning dreaming sleep, is associated with an internal consciousness
equivalent to modern day REM sleep (also known as paradoxical sleep and active sleep).
Characterized by a consciousness only of our dreams, we enjoy the mind’s subtle impressions
of the deeds we have done in the past. A modern interpretation of this ancient description could
be considered a conscious state in which the mind is reactivated to replay or reprocess memories
of our past experiences. Vedas also explained that the Prajna (SWS) is the doorway to the
Vaisvanara (wakefulness) and Taijasa (REM sleep) states. Correspondingly, with the aid of
modern equipment, we now recognize that to enter into REM sleep from wakefulness, we pass
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through SWS. These two stages of sleep are not exclusive to humans. The progression of sleep
research, in conjunction with modern technology, has given us the ability to objectively identify
both types of sleep not only in humans, but also in animals. Between Vedic civilization and
the actual time of objective identification of sleep stages in the early twentieth century, there
were a number of naturalists (namely Lucretius, circa 98-55 BC, Fontana, 1765, and many
others), who described individual observations of dreaming sleep in humans and animals.
Although worth considering, the views and perceptions of these artists, philosophers, and poets
have been examined already in a number of books and, thus, are not repeated in this
communication.

The discovery of human electroencephalogram (EEG) was the first important event that
signaled the beginning of the modern scientific era of sleep research and provided the
framework for our current concepts of objective sleep stage identification. Hans Berger, a
German psychiatrist working in Jena, first demonstrated that when his subjects relaxed, closed
their eyes or dosed off into drowsiness, the low-voltage brain wave activity associated with
alertness gave way to higher voltage, lower frequency patterns (Berger, 1929). Although the
first EEG recordings were produced in 1924, because of his secretive nature, Berger withheld
publication of his EEG analysis until 1929. Following Berger’s discovery, there ensued a flurry
of descriptive and experimental studies aimed at understanding the EEG itself, including the
full range of its state-dependent variability and the control of that variability by the brain.
Loomis and his coworkers were the first group of scientists to clearly distinguish between
waking, sleep, and dreaming EEG in the human (Loomis et al., 1935a,1935b;Loomis et al.,
1937;Loomis et al., 1938). Dividing sleep into five categories (individually identified by letters
A–E), Loomis and his colleagues used various stimuli and EEG to correlate subjective
experiences of participants with corresponding EEG data (Loomis et al., 1937). Their findings
not only defined objective states of waking and sleep, but also a hypothesis that dreaming
occurred in the “B” category, denoted by low amplitude waves. In the same year, another
German scientist, Klaue, began sleep experiments using animal models. While recording EEG
in the cat, Klaue found that sleep progressed in a characteristic sequence: a period of light
sleep, during which the cortex produced slow brain waves, followed by a period of deep sleep,
in which cortical activity sped up (Klaue, 1937). This deep sleep period of low amplitude EEG,
which occurred after a stage with irregular 8 cycles/sec waves, was accompanied by complete
muscular relaxation and numerous jerks of single extremities. These initial EEG recording
studies indicated that there existed two different patterns of EEG activity during sleep;
documenting both characteristic slow cortical waves, but also faster, lower amplitude waves.
Not all of the observations of these initial sleep experiments were widely recognized among
the research community. The physiological significance of Klaue’s “deep sleep” was not
immediately acknowledged by such researchers as Belgian physiologist Frederick Bremer,
Swiss neurophysiologist Nobel Laureate W. R. Hess, Italian neurophysiologist Giuseppe
Moruzzi, U.S. neurophysiologists Horace W. Mogoun, as well many other scientists of that
time (Bremer, 1936;Hess et al., 1953;Hess, 1954;Moruzzi and Magoun, 1949). As a result, for
a long-time, faster and low-amplitude EEG activity was generally accepted as the typical EEG
sign of arousal--until the first description of REM sleep by Aserinsky and Kleitman (1953).

Eugene Aserinsky, then a Ph.D. student in the laboratory of Professor Nathaniel Kleitman at
the University of Chicago, observed while studying the cyclic variations of sleep in infants,
the infants’ eyes continued to move under closed lids for some time at the onset of sleep after
all major body movement had ceased (Aserinsky, 1996;Aserinsky and Kleitman, 1953a,
1953b). The occurrence of eye movements would fluctuate in duration, and were the first
observable body movements to be seen as the infant woke up. Aserinsky realized that,
compared to gross body movements, eye movements provided a more reliable means of
distinguishing between the active and quiescent phases of sleep. Based on these observations,
Aserinsky and Kleitman suggested that eye movements might be used to follow similar cycles
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in the depth of sleep in adults. To test their hypothesis, using an old electroencephalograph
machine, Aserinsky recorded eye movements, as well as EEG, pulse and respiration rates, and
gross body movements of adult male subjects, including his mentor, Kleitman. The recordings
of the electroencephalograph showed not only the slow movements of the eyes that Aserinsky
had observed in infants, but also rapid, jerky eye movements that appeared in clusters. Each
individual eye movement took only a fraction of second, but a cluster often lasted, with
interruptions, as long as 50 minutes. The first rapid eye movements usually began between 90
min and 120 min after sleep onset, and clusters of eye movements appeared in cyclic fashion
through the night. Coinciding with these cyclic rapid eye movements, the EEG from frontal
and occipital areas recorded low amplitude (5–30 μV) and showed an irregular light sleep
pattern (15–20 cycles/sec). The pulse and respiration rates also increased, and subjects
remained motionless (Aserinsky, 1996;Aserinsky and Kleitman, 1953a;Aserinsky and
Kleitman, 1955). Aserinsky’s findings were first published in 1953 (Aserinsky and Kleitman,
1953a), hence that year is now considered to mark the discovery of the modern day version of
REM sleep. Subsequently, another student of Kleitman, William Dement, contributed
tremendously to our early understanding of REM sleep (Dement, 1955;Dement and Kleitman,
1957a,1957b). Working with Kleitman, Dement correlated the length of REM sleep with the
subjective length of dreams, as well as correspondence between visual imagery of dreams and
specific eye movement patterns. These observations established an association between
spontaneous REM sleep and dreaming. In addition to this connection, Dement and Kleitman
clearly showed the strong similarity between the low voltage EEG activity observed during
wakefulness and that of REM sleep. The extensive observations of Kleitman and Dement led
to the first systematic characterization of the four different stages (stage 1 - stage 4) of non-
REM sleep based on EEG activity (Dement and Kleitman, 1957b). Stages 3 and 4 of this non-
REM sleep were specifically categorized as SWS.

Following the initial exploration of REM sleep in humans, utilizing EEG activity and careful
visual observations, William Dement went on to establish two sleep stages in the cat (Dement,
1958). In that publication, similar to Klaue (1937), he demonstrated two different patterns of
cortical EEG activities in the sleeping cats. In the first part of sleep, EEG waves were mostly
higher voltage, slow, and some spindle patterns, which he labeled as “sleep.” In the later stage
of sleep, EEG waves were low voltage, fast rhythms. Although the observations of Klaue
cannot be ignored, this marks the first clear definition of REM sleep in the animal model.
Concomitant with the low voltage, fast EEG rhythms, he observed substantial twitching
movements of legs, ears and vibrissae, as well as considerable movements of eyeballs (Dement,
1958). Also present was the complete absence of muscle potentials, although he did not mention
this in the records. The arousal threshold for the auditory stimuli during periods of REM sleep
was also significantly increased. Based on the cortical EEG activity patterns and visual
observations, this later stage of sleep was labeled as “activated sleep”, characterizing REM
sleep. In fact, this was the first publication to label REM sleep as “activated sleep.” To ensure
the cats would sleep easily in the laboratory and not be disturbed by the experimenter’s
necessary presence, the cats were sleep deprived for 1–3 days prior to experimental
observation. Notable is Dement’s use of the water tank for successful sleep deprivation in the
cat. This study was, most likely, the first utilization of this technique.

At the same time in Lyon, France, a neurosurgeon, Michael Jouvet, and a neurologist, Francois
Michel, set out to investigate the subcortical activities during sleep in the cat (Jouvet and
Michel, 1959;Jouvet et al., 1959a,1959b). In order to examine the various subcortical areas,
the cortex was removed and electrodes were implanted to record EEG from the ventral
hippocampus, midbrain reticular formation, and pontine reticularis caudalis nucleus.
Additionally, to record EMG, electrodes were implanted in the neck muscle of the cat. During
the course of the six-hour recordings, upwards of 4–5 times, electrical activity of the neck
muscle disappeared completely for regular periods (about 6 minutes long). Corresponding with
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these periods of muscle atonia, high voltage spiky waves appeared in the pontine EEG
recording electrodes. These spiky waves were correlated with eye movements of the sleeping
animals. They also demonstrated that during this incongruous sleep stage, the EEG activity in
the ventral hippocampal and midbrain reticular formation are similar to the waking stage
(Jouvet and Michel, 1959;Jouvet et al., 1959a,1959b). In studies of cats with intact brains, EEG
and EMG recordings also exhibited a disappearance of muscle tone and a striking correlation
between rapid eye movement and fast cortical activity. These findings were curious and
certainly a paradoxical phenomenon, because at that time, fast cortical activity was still
regarded as the electrophysiological sign of wakefulness and muscle atonia was an invariable
sign of sleep. Therefore, Jouvet aptly named this strange state as “paradoxical sleep” (Jouvet,
1965). Aserinsky, Kleitman, Dement, Jouvet, and Michael are all credited equally for the
objective identification of REM sleep/activated sleep/paradoxical sleep stage by the present
sleep research community. The discovery of REM sleep and its correlation with EEG based
cortical and subcortical activations, in conjunction with vivid hallucinatory dreaming, were
the scientific evidence supporting the notion that during this part of the sleep, the brain is highly
active.

3. Physiological characteristics of wake, NREM, and REM sleep
A combination of electroencephalography (EEG), electromyography (EMG), and
electrooculography (EOG) are used in the laboratory setting to objectively identify different
stages of sleep (Datta, 1995,1997). These measurements are collectively known as
polysomnography. The waking state is characterized by low-amplitude synchronization of fast
oscillations in the cortical EEG (also called activated EEG) in the range of 20 to 60 Hz and
presence of muscle tone in the EMG. While we are wake, our voluntary movements are present
and thresholds for sensory responses are lowest while thought processes are logical and
progressive.

Physiological identification of different stages of NREM sleep requires only cortical EEG
recordings; making it relatively easier to identify than REM sleep. In a human, NREM sleep
is divided into four stages, each corresponding to an increasing depth of sleep. As the depth of
sleep increases, the EEG recordings are progressively dominated by high-voltage, low
frequency wave activity. At the deepest stages of NREM sleep (stages III and IV), also termed
SWS, only low frequency wave activity is present. Stage II NREM sleep is characterized by
slow (<1 Hz) oscillation with distinctive sleep spindles (waxing and waning of 12–14 Hz waves
lasting between 0.5–1.0 sec) and K-complex (a negative sharp wave followed immediately by
slower positive component) waveforms. Stage I NREM sleep is characterized by relatively low
voltage, mixed frequency activity (3–7 Hz) and vertex sharp waves in the EEG. Distinctions
between stages of sleep in animal models differ slightly from that of humans. The most
common, and preferred, animal models include the mouse, rat, and cat. In these animals, NREM
sleep is normally divided into two stages (SWS stages I and II). SWS-I is identified by the
presence of sleep spindles in the cortical EEG. SWS-II is considered deep sleep, also termed
delta sleep, and is identified by the presence of high amplitude, low frequency waves (0.1–4.0
Hz) in the cortical EEG.

REM sleep is characterized by a constellation of events including the following: 1) Low-
amplitude synchronization of fast oscillations in the cortical EEG (also called activated EEG);
2) Very low muscle tone (atonia) in the EMG. The atonia is observed to be particularly strong
on antigravity muscles, whereas the diaphragm and extra-ocular muscles retain substantial
tone; and 3) Singlets and clusters of rapid eye movements (REMs) in the EOG. Supplemental
to these polysomnographic signs, other REM sleep-specific physiological signs are: myoclonic
twitches, most apparent in the facial and distal limb musculature; pronounced fluctuations in
cardio-respiratory rhythms and core body temperature; penile erection and clitoral tumescence.

Datta and MacLean Page 5

Neurosci Biobehav Rev. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Two other physiological signs (require surgical implantations of recording electrodes) can also
be used to identify REM sleep in the non-human primates, rats, and cats. These two signs are:
1) Theta rhythm in the hippocampal EEG and 2) Spiky field potentials in the pons (P-waves),
lateral geniculate nucleus, and occipital cortex (called as ponto-geniculo-occipital (PGO)
spikes). In addition to these physiological signs, occurrence of vivid dreaming is an important
mental experience of REM sleep.

The cyclic organization of sleep varies within and between species. The period lengths of each
REM-NREM sleep epoch increases with brain size across species. Within species, the depth
and proportion of the NREM sleep phase in each cycle also increases with brain maturation.
In adult humans and non-human primates, circadian distribution of sleep period is mono-
phasic, but in the mouse, rat, and cat, circadian distribution of sleep period is poly-phasic.
Human NREM and REM sleep alternate throughout each of the four or six sleep cycles that
occur every night. Early in the night, NREM sleep is deeper and occupies a disproportionately
large amount of time, especially in the first cycle, when the REM epoch might be short or
aborted. Later in the night, NREM sleep is shallow, and an increased amount of each cycle is
devoted to REM sleep. In the mouse, rat, and cat, NREM-REM sleep cycles are much shorter
than the human and non-human primates. These cyclic NREM-REM sleep epochs in rodents
and cats continue throughout sleep during the day and night, except when they are engaged in
other activities that requires them to stay wake.

4. Regulation of sleep timing
One of the most common observational features of mammalian sleep is that it appears during
a predictable time in a 24-hour cycle. In humans, this process is exemplified as daylight
decreases and night approaches, increasing feelings of drowsiness eventually lead to the desire
to sleep. This overt pattern of sleep indicates that circadian regulatory processes are involved
in the regulation of sleep timing. The timing of sleep is species-specific and follows a general
rule: organisms remain active during hours when the opportunity to acquire food exceeds the
risk of predation and sleep during times when the need for vigilance is minimized. Using rodent
and non-human primate models, a number of lesion studies have shown that the
suprachiasmatic nucleus (SCN) of the hypothalamus is a critical brain structure that maintains
timing of the 24-hour circadian rhythm in sleep drive (Edgar et al., 1993;Ibuka et al.,
1977;Ibuka and Kawamura, 1975;Mendelson et al., 2003;Mistlberger et al., 1983;Tobler et al.,
1983). Studies of humans in a forced desynchrony protocol, where they experience a 28-hour
“day” without any external time cues, have confirmed the persistence of a strong 24-hour
circadian rhythm regarding sleep drive (Dijk and Czeisler, 1995).

It is well known fact that the central pacemaker for the mammalian circadian clock is located
within the SCN (Drucker-Colin et al., 1984;Moore and Eichler, 1972;Prosser and Gillette,
1989;Ralph et al., 1990;Stephan and Zucker, 1972). Situated directly above the optic chiasm,
the SCN is highly integrated with regions of the brain implicated in sleep and arousal. Under
normal circumstances, the SCN is reset on a daily basis by light inputs from the retina during
the day and by melatonin secretion from the pineal gland during the dark cycle (Cassone et al.,
1986;Gillette and McArthur, 1996;Johnson et al., 1988). The light signal is received from a
specialized set of retinal ganglion cells that contain the photopigment melanopsin (Berson et
al., 2002;Hattar et al., 2003). This light signal is then transmitted from the retina to the SCN
via the retinohypothalamic tract (Johnson et al., 1988;Mosko and Moore, 1979;Rusak, 1979).
These timing signals keep the clock in synchrony with the external day-night cycle. Recent
studies designed to understand the molecular mechanisms of this time-keeping function of
SCN have shown that many circadian clock genes encode different types of proteins (BMAL,
PERIOD, CRYPTOCHROME, and CLOCK). These proteins act as transcriptional factors to
regulate their own transcription. Transcriptional-translational and post-translational regulation
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of core circadian clock genes form feedback loops that ultimately generate circadian time
(Gillette and Sejnowski, 2005;Jin et al., 1999;Lowrey and Takahashi, 2004;Reppert and
Weaver, 2002). In summary, sleep timing is tightly governed by the interactions between SCN
activity and corresponding output to sleep-wake structures as well as the regulation of circadian
clock genes. There are some recent reviews that specifically discuss SCN outputs to the sleep-
wake regulating structures (Mistlberger, 2005) and how circadian clock genes may influence
timing and total amount of sleep-wake (Albrecht, 2002;Allada et al., 2001;Pace-Schott and
Hobson, 2002;Reppert and Weaver, 2002).

5. Wake-promoting systems of the brain
To understand the basic mechanisms for the initiation and maintenance of sleep, it is critical
to understand wake-promoting systems of our brain. Activation of these systems results in
arousal, thus preventing an organism from falling asleep. The state of wakefulness is a complex,
coordinated expression of behaviors that are constantly changing in response to variations in
the internal and external milieu. In mammals, there exist multiple systems that promote
wakefulness. Individual activation of these wake-promoting systems contributes in specific
ways to maintain our general state of wakefulness. Identification of these wake-promoting
systems began almost 60 years ago using transection and electrical stimulation experiments in
the cat. In these early experiments, Moruzzi and Magoun suggested that the waking state
required a critical level of brain activity maintained by a steady flow of ascending impulses
arising in the brainstem reticular formation (Moruzzi, 1964,1972;Moruzzi and Magoun,
1949). At that time, the excitable area of this ascending reticular activating system (ARAS)
was broadly localized within the core of pons and midbrain; including the central region of the
brainstem extending forward from the bulbar reticular formation, through the pontine and
mesencephalic tegmentum, and into the caudal diencephalons (Moruzzi and Magoun, 1949).

Over many years, the advancement of anatomical and physiological techniques has enabled us
to identify neurochemically-specific wake-promoting cell groups within the ARAS. These
wake-promoting cell groups are: 1) Norepinephrine (NE)-synthesizing (noradrenergic) cells
in the locus coeruleus, 2) Serotonin (5-HT)-synthesizing (serotonergic) cells in the raphe nuclei
(RN), 3) Acetylcholine (Ach)-synthesizing (cholinergic) cells in the pedunculopontine
tegmentum (PPT), 4) Glutamate (Glut)-synthesizing (glutamatergic) cells in the midbrain, and
5) Dopamine (DA)-synthesizing (dopaminergic) cells in the substantia nigra compacta (SNc)
and ventral tegmental area (VTA). Projections from these pontine and midbrain wake
promoting cells travel dorsally to activate thalamo-cortical system as well as ventrally to
activate hypothalamo-cortical and basalo-cortical systems (reviewed in Garcia-Rill,
2002;Morgane and Stern, 1974;Sakai and Crochet, 2003). Spontaneous or experimental
activation of these systems results in cortical stimulation necessary to maintain wakefulness.

5.1. Noradrenergic cells of the LC
These neurons project directly to the cerebral cortex, hippocampus, amygdala, and other
subcortical areas such as thalamus, hypothalamus, and basal forebrain (Berridge and
Waterhouse, 2003;Dahlstrom and Fuxe, 1964;Descarries et al., 1977;Foote et al., 1983;Lewis
et al., 1987;Morrison and Foote, 1986). Evidences from single cell recordings and gene
expression studies suggest the activation of these noradrenergic cells participates in the process
of cortical activation and behavioral arousal. Accordingly, noradrenergic neurons in the LC
fire maximally during active wake behavior, steadily decrease firing through quiet wakefulness
and SWS, and ultimately cease firing during REM sleep (Aston-Jones and Bloom, 1981b;Chu
and Bloom, 1973;Chu and Bloom, 1974;Datta, 1997;Foote et al., 1983;Hobson et al.,
1975;Jacobs, 1986;McCarley and Hobson, 1975a). These single cell activity-recording studies
have also shown that these noradrenergic cells respond to external arousing stimuli by
increasing their firing rate (Aston-Jones and Bloom, 1981b;Foote et al., 1983;Jacobs, 1986).
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Immediately prior to the physiological and behavioral signs of spontaneous wakefulness, the
activity of LC noradrenergic cells increases, suggesting these cells could anticipate
spontaneous wakefulness (Aston-Jones and Bloom, 1981a;Datta, 1997). Maximum levels of
spontaneously released NE in the forebrain and cerebral cortex occur during wakefulness and
stimulation of the LC increases NE release (Berridge and Abercrombie, 1999;Florin-Lechner
et al., 1996;Kawahara et al., 1999). In addition, activation and inactivation of LC neurons
results in an increase and decrease of wakefulness, respectively (Berridge and Foote, 1991,
1996;Berridge et al., 1993;De Sarro et al., 1987;Sakai and Crochet, 2002). Experimental
application of noradrenergic drugs directly into the thalamo-cortical, hypothalamo-cortical,
and basalo-cortical activating systems induces cortical activation and promotes wakefulness
(Berridge and Waterhouse, 2003;Datta, 1995;Datta et al., 1985;Kayama et al., 1990;Kayama
et al., 1982;Kayama and Ogawa, 1987;Kumar et al., 1984). Stressful conditions, induced by
forced wakefulness, activate noradrenergic cells in the LC and increase expression of neuronal
activity related transcription factors and corresponding genes in the cerebral cortex and other
subcortical areas (Cirelli et al., 1996;Cirelli and Tononi, 2000). It has also been reported that,
compared to normal mice, mice lacking NE fall asleep more rapidly after a mild stress and low
doses of amphetamine (Hunsley and Palmiter, 2003). The results of these molecular and genetic
studies could be interpreted to suggest that during wakefulness and periods of stress, normal
functioning of the LC noradrenergic cells are critical in the generation of an internally arousing
stimulus that ultimately intensifies our general wakefulness.

5.2. Serotonergic cells in the RN
Despite containing both serotonergic and non-serotonergic cells, the RN is the major source
of 5-HT in the mammalian brain, particularly the dorsal and median RN (Aghajanian et al.,
1978;Belin et al., 1979;Datta, 1997;Descarries et al., 1986;Steinbusch et al., 1980). These
serotonergic cells project to almost all of the same brain regions as noradrenergic cell
projections (Azmitia and Segal, 1978;Consolazione et al., 1984;Morgane et al., 2005;Morrison
and Foote, 1986;Reader et al., 1979;Tork, 1990;Vertes and Martin, 1988); yet, unlike
noradrenergic cells, the role of serotonergic neurons in promoting wakefulness and/or sleep is
not as clear. A number of single cell recording studies reported that serotonergic cells in the
RN fire maximally during wakefulness, decrease firing during SWS and cease firing during
REM sleep (Lydic et al., 1983;McGinty and Harper, 1976;Trulson and Jacobs, 1979). Based
on these single cell discharge patterns, it has been suggested that the activation of these
serotonergic cells may promote wakefulness. A careful reexamination of these activity patterns,
however, revealed that these serotonergic cells are unable to anticipate spontaneous changes
from sleep to wakefulness (Datta, 1997); an indication the activity of these cells may not be
causal for the cortical activation and wakefulness. Independently, this argument is not sufficient
to exclude the possible involvement of serotonin in maintaining wakefulness. Supporting
evidence illustrates the activation of serotonergic cells in the RN is concomitant with induction
of SWS by suppressing wakefulness. For instance, a lesion in the RN and localized inactivation
of serotonergic cells in the RN increase wakefulness and suppress SWS (Petitjean et al.,
1978;Sakai and Crochet, 2001), demonstrating these cells are involved in the promotion SWS.
Further support that the activation of this group of serotonergic cells promotes sleep is
illustrated in single cell recording studies identifying a population of RN serotonergic cells that
increase firing rate during SWS (Kocsis et al., 2006;Kocsis and Vertes, 1992;Sakai and
Crochet, 2003;Urbain et al., 2004). The application of serotonin into the preoptic area results
in a decrease in active wakefulness to allow SWS (Datta et al., 1987;Yamaguchi et al., 1963).
Similarly, the application of serotonergic agonist has also been shown to inhibit wake-
promoting basal forebrain cholinergic cells and suppress cortical activation (Cape and Jones,
1998;Khateb et al., 1993). These pharmacological results suggest that serotonin may suppress
the activity of hypothalamo-cortical and basalo-cortical wake-promoting systems. Conversely,
a number of other pharmacological studies utilizing various agonists and antagonists of
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different types of 5-HT receptors and 5-HT1A receptor knock-out mice suggest 5-HT may be
involved in maintaining wakefulness (Bjorvatn et al., 1997;Boutrel et al., 2002;Dugovic et al.,
1989;Dzoljic et al., 1992;Monti and Jantos, 1992;Ponzoni et al., 1993;Ursin, 1976;Wojcik et
al., 1980). Thus, after reviewing the existing evidence, we suggest that serotonergic cells in
the RN may participate in both wakefulness and SWS with processes yet to be elucidated.
Based on the specific projections of serotonergic cells and their actions on the central nucleus
of amygdala and hypothalamus, we suggest that the involvement of 5-HT in maintaining
wakefulness, if any, would be an arousal process associated with positive emotion.

5.3. Cholinergic cells in the PPT
The PPT nucleus is one of the major aggregations of cholinergic neurons in the mammalian
brainstem capable of synthesizing many different neurotransmitters and peptides (Armstrong
et al., 1983;Cuello and Sofroniew, 1984;Datta, 1995;Geula et al., 1993;Kimura et al.,
1981;Mesulam et al., 1989;Mesulam et al., 1983;Mizukawa et al., 1986;Rye et al., 1987;Satoh
and Fibiger, 1985a,1985b;Shiromani et al., 1988;Vincent and Reiner, 1987). In addition to
different neurotransmitters and peptides, these PPT cholinergic cells also synthesize a gaseous
neuromodulator, nitric oxide (NO) (Bredt et al., 1991;Bredt et al., 1990;Bredt and Snyder,
1992;Datta and Siwek, 1997;Hope et al., 1991;Vincent et al., 1983;Vincent et al., 1986).
Although NO does not promote wakefulness, locally released NO acts as a paracrine signal
that regulates wakefulness by controlling activity levels of PPT cells (Datta, 1997). PPT
cholinergic cells project directly to multiple subcortical areas but do not innervate the cerebral
cortex (reviewed in Datta, 1995). Activation of PPT cholinergic cells promotes wakefulness
by activating thalamo-cortical, hypothalamo-cortical, basalo-cortical, suprachiasmatic, and
amygdaloid wake-promoting systems of the forebrain (reviewed in Datta, 1995;Datta et al.,
1997). Additionally, electrical stimulation of the PPT region in cats and rats has been shown
to promote wakefulness by inducing locomotion (Coles et al., 1989;Garcia-Rill et al.,
1986;Garcia-Rill et al., 1983;Skinner and Garcia-Rill, 1984). Following is a brief summary of
evidences that are critical in establishing the PPT as one of the most important wake-promoting
structures of the brainstem.

Single cell recording studies examining sleep-wake state dependent firing patterns in the PPT
of behaving cats identified the presence of several different cell types (Datta et al., 1989;El
Mansari et al., 1989,1990;Saito et al., 1977;Steriade et al., 1990b;Steriade et al., 1990a).
Despite similar firing patterns recorded by different groups, the classification of those specific
cells varied amongst researchers. To establish a uniform classification, published results of
those PPT single cell recording studies of behaving animals were re-examined and re-classified
into four major groups: 1) REM-on, 2) Wake-REM-on, 3) Wake-on, and 4) sleep-wake state-
unrelated (Datta, 1995). Of those four categories of cells, Wake-REM-on cells are active during
both wakefulness and REM sleep (Datta, 1995). In contrast, the Wake-on cells were found to
be active only during wakefulness. Based on the presence of Wake-REM-on and REM-on types
of cells, the PPT was considered to be involved in the generation of REM sleep. Similarly, the
presence of Wake-REM-on and Wake-on types of cells, also suggests the PPT is involved in
promoting wakefulness (Datta, 1995). The causal evidence that the PPT is involved in
generating both wakefulness and REM sleep came from local chemical stimulation studies
(Datta and Siwek, 1997;Datta et al., 2001a). A recent single cell recording study in the freely
moving rats has shown that 60% of cells within the cholinergic cell compartment of the PPT
are Wake-REM-on type (Datta and Siwek, 2002). This study also demonstrated that the level
of activity within the cholinergic cell compartment of the PPT during SWS drops 7.4% from
levels of observed wakefulness and during REM sleep cholinergic activity is 65% of
wakefulness level. Another interesting observation reveals the Wake-REM-on cell population
within the cholinergic cell compartment of the PPT increases neuronal activity as a prelude to
wakefulness and remains very active until 5 to 8 sec before the end of wakefulness (Datta and
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Siwek, 2002). Presently this is the only study to record REM/wake specific single cell activity
patterns in the freely moving rats across sleep-wake cycle and careful analysis of this study
decisively confirms the PPT cholinergic cells are involved in promoting wakefulness (Datta
and Siwek, 2002). Consistent with this analysis, Ach release in the thalamus is highest during
waking, slightly less during REM sleep and minimum during SWS (Williams et al., 1994).

5.4. Midbrain reticular formation (MRF)
Over many decades, a vast number of studies have demonstrated that the electrical stimulation
of MRF is one of the most reliable techniques to induce cortical activation in anaesthetized
cats and rats (Kumar et al., 1989;Matthias et al., 1996;Moruzzi and Magoun, 1949). Single cell
recording studies in the cat have shown that majority of the MRF neurons are more active
during wakefulness than SWS (Kasamatsu, 1970;Manohar et al., 1972;Steriade et al., 1982).
The increase in firing rate of MRF neurons precedes the appearance of EEG activation as
animals spontaneously transition from the behavioral state of SWS to wakefulness. It has also
been demonstrated that the local microinjection of kainic acid into the MRF causes cortical
activation and behavior associated with arousal in the cat (Kitsikis and Steriade, 1981). In
parallel to these animal studies, using non-invasive neuroimaging techniques in human
subjects, activity in the MRF observed during wakefulness was higher than activity during
SWS (Braun et al., 1997;Kajimura et al., 1999;Kinomura et al., 1996;Maquet et al.,
1990;Peigneux et al., 2003). It is also known that the cells from MRF send their ascending
projections to thalamo-cortical, hypothalamo-cortical, and basalo-cortical pathways (Datta,
1995;Vertes and Martin, 1988;Zemlan et al., 1984). Although the neurotransmitter phenotype
of those MRF cells has not specifically been identified, they are most likely to be glutamatergic
(Ropert and Steriade, 1981). The wake cellular activity of the MRF and its well-documented
significance in cortical stimulation, suggest that glutamatergic and non-glutamatergic neuronal
activity in the MRF is critically involved in maintaining behavioral states of wakefulness.

5.5. Dopaminergic cells in the SNc and VTA
The DA-containing neurons in the ARAS are grouped in the SNc and VTA (Dahlstrom and
Fuxe, 1964;Hillarp et al., 1966). Dopaminergic neurons heavily innervate the frontal cortex,
striatum, limbic areas and basal forebrain (Freeman et al., 2001;Hillarp et al., 1966;Jones,
2005;Trulson and Preussler, 1984;Trulson et al., 1981). In contrast to single cell recording
studies of other wake-promoting neurotransmitter systems, dopaminergic neurons of the SNc
and VTA do not display robust alterations in firing rate across sleep-wake states (Steinfels et
al., 1983;Trulson and Preussler, 1984;Trulson et al., 1981). A few studies, however, have
shown DA containing cells exhibit enhanced activity in bursts of spikes associated with
aroused, especially rewarding, states and REM sleep (Maloney et al., 2002;Mirenowicz and
Schultz, 1996). Interestingly, despite the relatively static firing rate of dopaminergic neurons
throughout sleep-wake states, extracellular concentrations of DA are significantly elevated
during periods of wakefulness (Feenstra et al., 2000;Trulson, 1985). Microdialysis studies in
rats demonstrate during the dark period, when rats are typically active, levels of extracellular
DA in the striatum and prefrontal cortex are higher than the light period (Feenstra et al.,
2000;Smith et al., 1992). Intracerebroventricular injection of a dopamine receptor agonist
increased wakefulness and wake-active behavior while suppressing REM and SWS (Isaac and
Berridge, 2003;Monti et al., 1990). Conversely, systemic administration of a dopamine
antagonist significantly decreased wakefulness and increased SWS (Monti et al.,
1990;Trampus et al., 1991). The stable firing rate of dopaminergic neurons across the sleep-
wake cycle combined with the presence of short bursts during positively rewarding states and
heightened extracellular levels during wakefulness suggests DA release with positive emotion
normally stimulates central arousal.
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In addition to brainstem ARAS wake-promoting cell groups, there are at least four other groups
of cells in the forebrain that could promote wakefulness independently and/or in coordination
with wake-promoting cells of the brainstem. These forebrain cell groups are: 1) histamine
(HA)-containing (histaminergic) cells in the posterior hypothalamus (PH), 2) hypocretin (Hcrt,
also known as orexins)-containing (hypocretinergic) cells in the lateral hypothalamus (Luque
et al.), 3) Ach-containing (cholinergic) cells in the basal forebrain (BF), and 4) cells in the
suprachiasmatic nucleus (SCN). Besides these well-known wake-promoting systems in the
brainstem and forebrain areas, accumulating evidence indicates that increased activity beyond
normal range in the prefrontal cortex (PFC) may also increase the duration of wakefulness by
preventing initiation of sleep.

5.6. Histaminergic cells in the PH
Expanding on the research of Baron Constantin von Economo (1930), early lesion studies led
to the assumption that the PH functions as a “waking center” in the brain (reviewed in Sakai
and Crochet, 2003). During World War I, von Economo came across a group of patients with
“Encephalities Lethergica”, a presumed viral infection of the brain. One of the most common
clinical symptoms of those patients was a prolonged period of sleepiness with a higher
threshold for awaking. These patients could be kept awake only for a brief period before
returning to a sleepy state. The symptomatic prolonged sleepiness was reported to be a result
of injury between PH and rostral midbrain (von Economo, 1930). Subsequently, this clinical
observation of prolonged sleepiness was experimentally reproduced by destruction of PH in
monkeys, rats, and cats (McGinty, 1969;Nauta, 1946;Ranson, 1939;Swett and Hobson,
1968).

Modern analysis of the PH, especially the tuberomammillary nuclei (TMN), identified a cluster
of histaminergic cells that project diffusely throughout the brain, including the cerebral cortex
and wake-promoting structures in the brainstem and forebrain (Brown et al., 2001a;Hass and
Panula, 2003;Huang et al., 2001;Inagaki et al., 1988;Lin et al., 1986;Panula et al., 1989;Sakai
et al., 1990;Sherin et al., 1998). Histaminergic neurons effect behavioral arousal via efferent
projections to the thalamo-cortical and basalo-cortical wake promoting systems. Single cell
activity patterns show that the majority of these neurons in the TMN are primarily active only
during wakefulness and silent during sleep in freely moving cats and rats ((Ko et al.,
2003;Sakai et al., 1990;Steininger et al., 1999;Takahashi et al., 2006;Vanni-Mercier et al.,
1984). Subsequent recordings demonstrate these histaminergic cells resume activity during
sleep just prior to awakening. Additionally, extracellular levels of histamine (HA) are higher
during wakefulness than during SWS (Mochizuki et al., 1992). The increased release of HA
during wakefulness and wake anticipatory pattern of activity is suggestive that these cells
promote wakefulness. Three alternative experimental paradigms also support a wake
promoting function of histaminergic cells in the TMN. First, a microinjection of muscimol, a
potent agonist of GABA, into the TMN induces SWS and suppresses wakefulness (Lin et al.,
1989;Sakai et al., 1990); indicating inhibition of TMN histaminergic cells suppress
wakefulness. Second, drugs that enhance HA signaling increase cortical activation and
wakefulness (Monti et al., 1986;Shiromani et al., 1988). Third, knockout mice lacking the
histidine decarboxylase gene show a deficit of wakefulness throughout a normal circadian wake
period and fail to remain awake when placed in a novel environment (Parmentier et al.,
2002). It has also been demonstrated that compared to wild-type, H1 receptor knockout mice
are less susceptible to other wake-promoting factors (Huang et al., 2001). Collectively, the
studies discussed above indicate the activation of histaminergic cells in the PH produces
cortical activation and promotes wakefulness.
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5.7. Hypocretinergic cells in the LH
Neurons containing hypocretin (Hcrt) peptides are localized in the LH (Chemelli et al.,
1999;Date et al., 1999;de Lecea et al., 1998;Peyron et al., 1998;Sakurai et al., 1998).
Hypocretinergic neurons project diffusely throughout the central nervous system and heavily
innervate the PPT/LDT, LC, RN, SNc, VTA, BF, and TMN (Nambu et al., 1999;Peyron et al.,
1998;Taheri et al., 1999). The projection of hypocretinergic neurons to these structures have
also been shown to be involved in the promotion of wakefulness and/or cortical activation
(Bayer et al., 2001;Brown et al., 2002;Eggermann et al., 2001;Hagan et al., 1999). Interestingly,
these Hcrt containing neurons also co-express with two excitatory transmitters, glutamate and
pentraxin (Bayer et al., 2002;Reti et al., 2002). Single cell activity recording studies have shown
that most Hcrt neurons are more active during wakefulness than SWS (Alam et al.,
2002;Koyama et al., 2002;Methippara et al., 2003). Consistent hypocretinergic neuron pattern
of activity, Hcrt levels in the cerebrospinal fluid and Fos activation are highest during
wakefulness, particularly during periods of motor activity (Espana et al., 2003;Estabrooke et
al., 2001;Kiyashchenko et al., 2002;Zeitzer et al., 2003). Local application of Hcrt excites
neurons in the LDT (Takahashi et al., 2002), LC (Bourgin et al., 2000;Hagan et al., 1999), RN
(Brown et al., 2002), VTA (Li et al., 2002), PH (Bayer et al., 2001), lateral preoptic area
(Methippara et al., 2000), basal forebrain area (Eggermann et al., 2001;Espana et al.,
2001;Thakkar et al., 2001), and thalamocortical projecting neurons (Bayer et al., 2002). This
application indicates Hcrt increases arousal via an excitatory effect on wake promoting
neuronal systems in the brain; however, some of these studies also suggest that the local
application of Hcrt increases wakefulness by suppressing sleep. Lesioning that selectively
eliminates Hcrt-containing neurons in the LH is accompanied by a significant increase in SWS
and REM sleep and decrease in wakefulness (Gerashchenko et al., 2003;Gerashchenko and
Shiromani, 2004). Transgenic mice with gene-specific ablation of Hcrt containing neurons
(Hara et al., 2001) or Hcrt knockout mice (Chemelli et al., 1999) exhibit a phenotype strikingly
similar to human narcolepsy. Although the neurotransmitter phenotypes for neurons of the LH
have only recently been identified, the discovery of the mammalian feeding center in the LH
has long associated this area with wakefulness (Anand and Brobeck, 1951;Anand et al.,
1955;Morgane, 1979;Morgane and Panksepp, 1980;Oomura, 1980). Thus, the major wake-
promoting function of LH neurons could be integrated with motivated behavior. The evidences
discussed above support that the activation of Hcrt neurons in the LH could promote
wakefulness by exciting primary wake-promoting neuronal systems of the brain.

5.8. Cholinergic cells in the BF
Cholinergic neurons of the BF have been implicated in a variety of wake-promoting behaviors,
including attention, sensory processing, and learning (Bartus et al., 1982;Fibiger, 1991;Hars
et al., 1993;Metherate and Ashe, 1993;Muir et al., 1994;Pirch, 1993;Richardson and DeLong,
1990;Sarter and Bruno, 1997;Whalen et al., 1994;Wilson and Rolls, 1990). The BF cholinergic
regions are also known to have an important role in hippocampal and neocortical EEG
activation (Detari et al., 1984;Detari and Vanderwolf, 1987;Nunez, 1996;Stewart et al.,
1984). These cholinergic cells receive input from other brainstem and hypothalamic wake-
promoting systems and, in turn, have widespread projections to the cerebral cortex (Detari and
Vanderwolf, 1987;Fisher et al., 1988;Gritti et al., 1997;Zaborszky et al., 1986a;Zaborszky et
al., 1991;Zaborszky et al., 1986b). A number of studies have shown that Ach levels in the
neocortex and hippocampus are higher during wakefulness and wake activities compared to
those during SWS (Day et al., 1991;Dudar et al., 1979;Giovannini et al., 1998;Jasper and
Tessier, 1971;Kurosawa et al., 1993;Phillis, 1968). Increased levels of Ach in the cerebral
cortex are indicative of higher BF cholinergic cellular activity during wakefulness compared
to SWS. Indeed, single cell activity recording studies in the cats and rats demonstrate putative
cholinergic cells in the BF are more active during wakefulness than during SWS (Alam et al.,
1997;Alam et al., 1999;Detari et al., 1984;Szymusiak and McGinty, 1986,1989). Projections
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of individual cholinergic neurons and activity patterns across sleep-wake states help to solidify
the BF cholinergic cells as part of the forebrain wake-promoting system.

5.9. Cells in the SCN
Various studies have reported that SCN-lesioning causes a slight increase in total sleep time
and decrease in wakefulness in mice, rats and monkeys (Easton et al., 2004;Edgar et al.,
1993;Mendelson et al., 2003). Single cell activity recording studies in the rats have also shown
that during wakefulness, SCN firing rates are much higher than during SWS (Deboer et al.,
2003;Glotzbach et al., 1987). The anatomical projections of SCN cells, together with the results
of these lesion and single cell recording studies, suggest that the SCN may be involved in
promoting wakefulness (Abrahamson et al., 2001;Deurveilher and Semba, 2005;Kriegsfeld et
al., 2004;Mistlberger, 2005;Morin et al., 1994;Stephan et al., 1981;Watts, 1991). On the
contrary, some studies involving bilateral ablation of the SCN in the rat had little or no effect
on total amount sleep or wake (Eastman et al., 1984;Mistlberger et al., 1983;Tobler et al.,
1983). These results indicate that the SCN may not be involved in promoting wakefulness. It
is possible, however, that those earlier ablation studies may have also lesioned part of the
preoptic area/anterior hypothalamus, located dorsally to the SCN. These SCN lesions combined
with unintentional damage to the preoptic area might have eliminated additional SWS that is
normally observed after SCN lesion. Our suggestion that the SCN is a wake-promoting area
is also supported by the recent genetic studies that have shown that the mutation of Bmal1 and
Cry1/Cry2 genes increases NREM sleep at the expense of wakefulness (Laposky et al.,
2005;Naylor et al., 2000;Wisor et al., 2002). Based on the evidences obtained from recent
lesion and molecular studies, it is reasonable to suggest that the SCN is a wake-promoting area
of the brain.

5.10. Prefrontal cortex (PFC) in the primate and medial prefrontal cortex (mPFC) in the rodent
In the rat, the mPFC is a heterogeneous and complex structure consisting of four main
subdivisions, from dorsal to ventral: the medial agranular (AGm), the anterior cingulate cortex
(AC; dorsal and ventral divisions), the prelimbic (PL) cortex and the infralimbic (IL) cortex
(reviewed in Vertes, 2006). The various subdivisions of the mPFC appear to serve separate
and distinct functions. For example, dorsal regions of the mPFC (AGm and AC) have been
linked to various motor behaviors, while ventral regions of the mPFC (PL and IL) have been
associated with diverse emotional cognitive and mnemonic processes (Heidbreder and
Groenewegen, 2003;Morgane et al., 2005). The mPFC of rat anatomically corresponds to the
prefrontal cortex (PFC) in primate (Nauta, 1972;Oomura and Takigawa, 1976). The PFC in
the primate is divided into three major regions: orbital, medial and lateral parts (Fuster,
2001;Pandya and Yeterian, 1996;Petrides and Pandya, 2002,2006;Siwek and Pandya, 1991).
The orbital and medial regions (orbitomedial prefrontal cortex; OMPFC) have established roles
in emotional behavior and the dorsolateral prefrontal cortex (DLPFC) in ‘executive’ functions
of the PFC (Fuster, 2001;Vertes, 2006). Recently it has been suggested that the IL and the PL
(and ventral AC) of rats may be functionally homologous to the OMPFC and DLPFC of
primates, respectively (Vertes, 2006).

Depending on the species, normal functioning of the mPFC or PFC (mPFC/PFC) is critical for
cognitive flexibility (Birnbaum et al., 2004;Bunge et al., 2001;Dalley et al., 2004;Goldman-
Rakic, 1987;Lepage et al., 2000;Stuss and Knight, 2002). By utilizing representational
knowledge, cognitive flexibility serves to appropriately guide our emotions, thoughts, and
behaviors. A classical example of impaired cognitive flexibility is an occasional, although
common, situation characterized by a state of mental and physical fatigue accompanied by an
inability to fall asleep. Despite conscious intentions to rest and relax, the conflicting mental
processes reverberate in a seemingly endless loop. While scientifically attributing a temporary
dysfunction of the mPFC to the maladaptive situation above is premature, we suggest that this
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type of wake experiences might be due to hyperactivity of mPFC. For example, it is known
that this type of sleep initiation problem is more frequent in aging population. Normal aging
consistently impairs many of the cognitive functions of the mPFC/PFC in humans, monkeys,
and rats (Albert, 1997;Chao and Knight, 1997;Herndon et al., 1997;Nielsen-Bohlman and
Knight, 1995;West, 1996)). It has also been documented that the protein kinase A (PKA)
signaling pathway becomes dis-inhibited in the mPFC/PFC with advancing age, and increased
PKA activity in the mPFC/PFC disrupts cognitive flexibility in the rats and monkeys (Ramos
et al., 2003). Neuroimaging studies demonstrate a decrease in neuronal activity and metabolic
rate of glucose in the human PFC during spontaneous sleep (Maquet et al., 1990;Maquet et al.,
1996;Thomas et al., 2000). Also supporting the PFC as a wake-promoting structure are studies
examining the unique neuronal circuitry between the PFC and the thalamic reticular nucleus
as well as other high-order thalamic nuclei involved in attentional mechanisms (Zikopoulos
and Barbas, 2006). Thus, we suggest that the hyperactivity of the mPFC/PFC could increase
wakefulness by preventing initiation of sleep. We acknowledge, however, that future
experimental work will be necessary to confirm or refute this suggestion that the mPFC is a
wake-promoting region of the brain.

6. Initiation of sleep
Utilizing only a macroscopic view of our external behavior, sleep is defined by the absence of
wakefulness. Although the timing of sleep is regulated by the suprachiasmatic nucleus, the
initiation of sleep is a complex passive process. The notion that the sleep is a passive process
was the principle mantra of the reticular deactivation theory (Moruzzi, 1972). The reticular
deactivation theory was based on two assumptions. First, “the waking state requires a critical
level of brain activity, which is maintained by a steady flow of ascending impulses arising in
the brainstem reticular formation”. The second is “a reduction of tonic activity of the ascending
reticular system is responsible for physiological sleep”. Over the past three decades, we have
gathered more knowledge about widespread changes in physiological functions during the
transition from wakefulness to sleep, including electrical activity of the brain, sensory, motor,
and metabolic processes. Based on new information, we propose the initiation of sleep is a
passive process and this process depends on the homeostatic regulation of the levels of activity-
dependent metabolites.

6.1. Activity-dependent metabolites homeostatic theory
During wakefulness, our use-dependent metabolic rate in the brain and body is at a much higher
level compared to sleep and/or resting periods. The increased metabolic rate during
wakefulness is accompanied by an increased rate of metabolite synthesis that is higher than
the rate of clearance; as a result, the levels of specific metabolites tend to accumulate in the
brain and body. When these metabolites reach a critical level, our metabolic process responds
by slowing down wake-promoting neuronal activities, thus lowering the rate of production
until the metabolites return to basal levels. During this period, the rate of metabolite clearance
remains unchanged. The diminished activity of wake promoting neuronal systems results in
reduced synthesis of metabolites. The reduction of metabolites from critical to basal levels can
be considered a process of metabolite homeostasis. This homeostatic demand for a lower
metabolic state begins at the cellular level, ultimately affecting behavior at the systemic level
and is the primary factor necessary to initiate sleep. The initiation of sleep at the cellular level
has some similarity with the “neuronal group theory of sleep function” (Krueger and Obal,
1993,2003;Rector et al., 2005). Our metabolite homeostatic theory for the initiation of
consolidated sleep predicts that the frequency of consolidated sleep periods will have a positive
relationship with the accumulation rate of use-dependent metabolites. This theory also predicts
that the duration of consolidated sleep period will have an inverse relationship with the rate of
metabolite clearance. We would like to emphasize that this theory is applicable only to
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terrestrial mammals. In the following subsections, analysis is focused on sleep initiating
metabolic factors that reduces the activity levels of wake promoting neuronal structures.

6.2. Sleep initiating metabolic factors
Sleep-initiating metabolic factors are endogenous metabolites produced during wakefulness
that increase proportionately with an increased duration and intensity of wakefulness. The slow
accumulation of these metabolic factors increases sleep inertia and, with sufficient
accumulation, facilitates the transition between wakefulness to sleep by suppressing
wakefulness. Intra-cerebral application of these factors also initiates sleep. At present, among
hundreds of known metabolites, adenosine, neuroinhibitory amino acids (gamma amino
butyric acid (GABA) and glycine), prostaglandin D2 (PGD2), and cytokines (interleukin-I beta
(IL-1β)) and tumor necrosis factor alpha (TNFα)) have been identified as sleep initiating
metabolic factors. Some of the sleep initiating metabolic factors listed above, after the onset
of sleep, are also involved in sleep induction. It should be noted that factors only involved in
sleep induction are not metabolic factors (not synthesized as a metabolic byproduct). Instead,
sleep induction factors are synthesized after SWS has been established. These and many other
sleep induction factors have been discussed in great details elsewhere (Obal and Krueger,
2003).

6.2.1. Adenosine—The purine nucleoside adenosine, ubiquitous in daily functioning, is
comprised of adenine attached to a ribose moiety. Intracellular adenosine is released when
adenosine triphosphate (ATP) is hydrolyzed as a function of cellular metabolic activity
(reviewed in Obal and Krueger, 2003). After hydrolysis, excess adenosine is transported out
of the cell along its concentration gradient. ATP is also co-released in some neurotransmitter-
containing vesicles, such as acetylcholine, glutamate, noradrenaline, and dopamine. The
extracellular ATP is then metabolized to adenosine via ectoenzymes. Extracellular levels of
adenosine increases with higher neuronal and metabolic activities during wakefulness and
decreases during sleep (Basheer et al., 2004;Chagoya de Sanchez et al., 1993;Porkka-
Heiskanen et al., 2000;Porkka-Heiskanen et al., 1997;Strecker et al., 2000). Significant levels
of adenosine accumulate in the basal forebrain and cortex during a period of forced wakefulness
extending beyond the normal onset of sleep (Basheer et al., 2004;Porkka-Heiskanen et al.,
2000). Increased adenosine levels resulting from sleep deprivation gradually decline
throughout a three-hour post-deprivation recovery period (Porkka-Heiskanen et al., 2000).
Administration of adenosine via intracerebral or systemic injection increases sleep duration
and enhances EEG slow wave activity (an electrophysiological characteristic of non-REM
sleep) in the rat (Radulovacki, 1985;Ticho and Radulovacki, 1991). Conversely, blocking of
both adenosine synthesis and/or receptor-mediated action of adenosine in the brain effectively
eliminates SWS and increases wakefulness (Kalinchuk et al., 2003;Landolt et al.,
1995;Schwierin et al., 1996). More recently it has also been demonstrated, using patch-clamp
recording in hypothalamic slices, that application of adenosine inhibits activity of identified
Hcrt containing neurons of the LH, a wake-promoting area (Liu and Gao, 2007).

6.2.2. Inhibitory amino acids—GABA and glycine are the major inhibitory amino acids
in the central nervous system. GABA acts in all parts of the neuraxis, and glycine acts
predominantly in the spinal cord and brainstem. GABA is formed via a metabolic pathway
called the GABA shunt. The initial step in this pathway utilizes α–ketoglutarate formed from
glucose metabolism via the Krebs cycle. α–Ketoglutarate is then transaminated by α–
oxoglutarate transaminase (GABA-T) to form glutamate, the immediate precursor of GABA.
Finally, glutamate is decarboxylated to form GABA by enzyme(s) glutamic acid decarboxylase
(GAD). For the production of GABA, glutamate is also synthesized from glutamine by
glutaminase activity (Paul, 1995;Roberts, 1986). Increased neuronal activity results in an
increase in local GABA synthesis and enzymatic activity of the GAD (Erlander and Tobin,
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1991). Glycine is synthesized from the degradation of serine by the enzyme serine
hydroxymethyltransferase. Serine can be synthesized from the glycolytic intermediate 3-
phosphoglycerate via a NAD+-linked dehydrogenase that converts this intermediate to 3-
phosphohydroxypyruvate. The latter then undergoes transamination with glutamate to 3-
phosphoserine, followed by the irreversible removal of the phosphate by a phosphatase. This
cytosolic pathway from 3-phosphoglycerate is distributed widely and is considered the major
pathway of serine synthesis in mammals. Once serine is formed from glycolytic intermediates,
it can be converted to glycine via serine hydroxymethyltransferase. A limited amount of glycine
can be synthesized from catabolism of threonine by the threonine cleavage complex. Glycine
can also be produced from metabolism of betaine (or degradation of its precursor, choline) by
successive removal of the methyl groups from the amino group of betaine. This leads to
formation of dimethylglycine and monomethylglycine (sarcosine) and, ultimately, glycine
(Stipanuk, 2000).

There are evidences to indicate that with increased neuronal activities and metabolic demand
during spontaneous and/or forced wakefulness, the brain level of GABA and glycine increases
as metabolites (Gong et al., 2004;Karadzic et al., 1971;Murck et al., 2002;Stipanuk, 2000). A
global increase of GABA via intracerebroventricular infusion promotes electrophysiological
signs of non-REM sleep (reviewed in Gottesmann, 2002). Inhibition of GABA resulting from
an intraperitoneal injection of a GABAB or GABAC antagonist increases wakefulness and
decreases SWS (Arnaud et al., 2001;Gauthier et al., 1997). There are a number of studies that
indicate endogenous glycine could suppress motor activities, a prerequisite for the initiation
of sleep, by inhibiting motor neurons in the brainstem and spinal cord (Chase et al., 1989;Jonas
et al., 1998;Kodama et al., 2003;O’Brien and Berger, 1999;Russier et al., 2002;Soja et al.,
1991;Spencer et al., 1989;Yamuy et al., 1999).

6.2.3. Prostaglandin (PG)—The most abundant prostaglandin (PG) in the central nervous
system of mammals is PGD2 (Hayaishi, 1991;Matsumura et al., 1994;Obal and Krueger,
2003). Prostaglandins are a family of naturally occurring unsaturated fatty acids containing 20
carbon atoms and a cyclopentane ring. These eicosanoids are produced by the arachidonate
cascade system in which arachidonic acid is converted to PGH2 via the cyclooxygenase
pathway (COX-I and –II) (reviewed in Obal and Krueger, 2003). The subsequent isomerization
of PGH2 to PGD2 is catalyzed by the enzyme PGD synthase (PGDS) (Hayaishi, 1991;Urade
et al., 1985). Synthesis of PGD2 is expressed predominantly in the leptomeninges, the epithelial
cells of the choroid plexus, and oligodendrocytes (Urade et al., 1993). As a result, a significant
amount of PGDS activity is observed in the cerebral spinal fluid (CSF) between the arachnoid
membrane and pia mater (Hayaishi, 1991). An increase in PGD2 and PGDS is associated with
neuron-glia interactions and in several glial functions such as metabolism and myelin
maintenance (Urade et al., with increased intensity of wakefulness. As duration of imposed
sleep deprivation increases, rats exhibit a higher concentration of PGD2 in the CSF (Ram et
al., 1997). The higher concentrations of PGD2 are significant at 2.5h and persist at significant
levels after 10h of sleep deprivation (Ram et al., 1997). A significant increase in non-REM
sleep is also observed after injection of PGD2 into the preoptic area or continuous infusion
into lateral or third ventricles (Inoue et al., 1984;Onoe et al., 1988). It has also been
demonstrated that the infusion of PGD2 into the outer surface of the rostral basal forebrain
increases SWS in the rat (Hayaishi, 1991;Matsumura et al., 1994). Non-REM sleep is also
significantly reduced in rats following inhibition of PGDS via inhibition of the COX pathways
or an injection of inorganic selenium compounds (Matsumura et al., 1991;Naito et al., 1988).

6.2.4. Cytokines—Produced from various cells, including neurons, cytokines stimulate
subtle changes in cellular metabolism (Botchkina et al., 1997;Cheng et al., 1994;Dinarello,
1994;Vitkovic et al., 2000). It is presumed that cytokines are produced in response to neural
activity and mainly effect input-output relationships within the neural circuits where they
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originate (Krueger et al., 2001). Two cytokines that have been extensively studied in regards
to sleep regulation are IL-1β and TNFα (Alam et al., 2004;Krueger et al., 2001;Krueger et al.,
1984;Nistico et al., 1992;Opp et al., 1991;Shoham et al., 1987).

The structure of IL-1 exhibits a beta-trefoil topology characterized by six beta-strands forming
a beta-barrel, which is closed at one end by another six beta-strands (Vigers et al., 1994).
IL-1β, one of the three major IL ligands, is produced by glia, endothelial cells, and neurons
(Breder et al., 1988;Obal and Krueger, 2003). After pre-IL-1β is cleaved via IL-1β converting
enzyme (ICE), the biologically active IL-1β is transported out of the cell (Dinarello, 1994;Obal
and Krueger, 2003). Varying concentrations of IL-1β are detected throughout the sleep-wake
cycle in both the brain and blood. Hypothalamic levels of IL-1β in the rat are highest at the
beginning of daylight hours, a time when homeostatic demand for the non-REM sleep is
maximal (Nguyen et al., 1998). In human blood and CSF analysis, levels of IL-1β have been
shown to peak at the onset and initial hours of sleep and decline during the night and morning
hours to minimum levels (Hohagen et al., 1993;Moldofsky et al., 1986). Following sleep
deprivation, a significant increase in IL-1β mRNA occurs in the hypothalamus and cortex of
rats (Taishi et al., 1997). Levels of IL-1β in the bloodstream also increase following sleep
deprivation in humans (Hohagen et al., 1993). The amount of time spent in non-REM sleep is
enhanced following an injection of IL-1β directly into brain areas, intravenously, or
intraperitoneally (Fang et al., 1998;Krueger et al., 2001;Opp and Krueger, 1994a;Tobler et al.,
1984). In addition to inducing sleep, intravenous injection of IL-1β enhances EEG activity
during non-REM sleep in rabbits (Krueger et al., 1984); although this effect is species and route
of administration dependent. If IL-1β is applied locally to the cortex EEG delta power is
enhanced locally during non-REM sleep but not during REM sleep or wakefulness suggesting
state-specific paracrine actions of IL-1β in the brain (Yasuda et al., 2005). These actions involve
cortical-reticular thalamic communication as well as activation of VLPO and other
hypothalamic areas. Substances that inhibit IL-1β production, such as IL receptor antagonist
(ILRA), CRH and anti-IL-1 antibodies, or inhibition of cleavage of biologically active IL-1,
decrease spontaneous sleep in the rabbit (Imeri et al., 2006;Opp and Krueger, 1994b;Takahashi
et al., 1996a).

Similar to IL-1, TNFα is produced by glia, astrocytes, and neurons in the CNS (Breder et al.,
1993;Obal and Krueger, 2003). Mature TNFα is a 157 amino acid cytokine composed of a
beta-sandwich containing two sheets, with five beta strands each, and a disulfide bridge (Eck
and Sprang, 1989;Spriggs et al., 1992). The highest level of TNFα in rats occurs at daybreak,
just before the onset of sleep, and is 10-fold greater than minimal night-time values (Floyd and
Krueger, 1997). Hypothalamic TNFα mRNA and circulating levels of TNF increase with sleep
deprivation in rats (Tahishi et al., 1999;Yamasu et al., 1992). Human blood plasma samples
also exhibit a significant increase in the TNFα soluble receptor after total sleep deprivation
(Shearer et al., 2001). A microinjection of TNFα into the preoptic area significantly enhances
non-REM sleep in rats (Kubota et al., 2002). The duration of non-REM sleep also increases
following intracerebroventricular, intravenous, or intraperitoneal injection of TNFα (reviewed
in Obal and Krueger, 2003). Direct injection of TNF into the POA enhances NREMS while
injection of an inhibitor of TNF inhibits non-REM sleep (Kubota et al., 2002). Furthermore,
microinfusion of TNFα into the subarachnoid space beneath the basal forebrain in rats, an area
implicated in PGD2 production, enhances non-REM sleep (Terao et al., 1998). In addition to
an increased amount of time spent in non-REM sleep, intraperitoneal injection of TNFα has
been shown to strengthen EEG slow wave activity in rabbits (Shoham et al., 1987); this effect,
like that of IL-1, is species and route of administration dependent. Also like IL-1,
microinjection of TNF onto the surface of the cerebral cortex enhances EEG delta power
locally. Further, microinjection of the TNF soluble receptor reduces sleep-loss enhanced EEG
delta power locally (Yoshida et al., 2004). Inhibition of TNFα by means of anti-TNF antibodies
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or TNF soluble receptor fragments decreases spontaneous sleep in rats and rabbits (Takahashi
et al., 1995;Takahashi et al., 1996b).

In summary, during wakefulness, neuronal activity-dependent metabolic activities produce
adenosine, GABA, glycine, PGD2, IL-1β and TNF and many other substances in the brain as
metabolic end product. These excess levels of metabolites then passively act on the wake-
promoting neuronal systems of our brain to dampen their activities. The initiation of sleep is
a consequence of the dampened activities in our wake-promoting brain systems. After the
initiation of sleep, some of these sleep initiating factors also are involved in the induction of
sleep. Here we would like to emphasize that in addition to these well-known metabolic factors
(discussed above), activation of many other enzymes, that are involved in the synthesis of
metabolic factors, may also be involved in the initiation of sleep. Due to the lack of
experimental evidence, the role of specific enzymes in the sleep initiation process is not
formally discussed in this communication.

7. Mechanisms for the generation and maintenance of SWS
Occurring after the initiation of sleep, SWS is considered the most quiescent state of the brain.
As explained above, the reduction of neuronal activities in wake-promoting brain regions is
one of the most important events immediately preceding SWS. Coinciding with the reduced
neuronal activity, the transmission of incoming sensory signals to the cortex via thalamic
sensory neurons is suspended. Sensory gating at the level of the thalamus is achieved when
thalamic relay neurons are hyperpolarized by bursting activities of GABAergic neurons in the
thalamic reticularis (Llinas and Steriade, 2006). Unlike the complex mechanisms responsible
for the generation REM sleep, SWS is generated simply via the activation of GABA-containing
neurons in the preoptic area (POA) of the hypothalamus. Synthesis of a specific hormone,
growth hormone-releasing hormone (GHRH), that intensifies GABA-mediated activities in the
brain also increase the depth and duration of SWS (reviewed in Krueger and Obal, 2003;Obal
and Krueger, 2004).

A hypnogenic role for the POA was first suggested by von Economo (1929) more than seventy-
five years ago. In post mortem brain tissue analysis of patients exhibiting insomnia in
association with viral encephalitis, von Economo documented inflammatory lesions within the
region recognized as the POA. Nauta (1946) supported this hypothesis by experimentally
replicating behavioral insomnia in rats using bilateral knife cut lesions in the POA.
Furthermore, polygraphic recordings of sleep-wake stages in cats with localized electrolytic
lesions of the anterior hypothalamus objectively demonstrated the role of the POA in SWS
generation (McGinty and Sterman, 1968). The advancement of experimental techniques have
confirmed, as well as expanded, the findings of these early lesion studies. For example, specific
lesioning of cell bodies in the preoptic area of the anterior hypothalamus has been shown to
effectively suppress SWS in mammals (John and Kumar, 1998;John et al., 1994;Kumar et al.,
1996;Lu et al., 2000;Srividya et al., 2006). Utilizing single cell recording techniques, various
researchers have identified a large population of cells within the preoptic area that are more
active during the electrophysiological and behavioral signs of SWS (Alam et al., 1995;Findlay
and Hayward, 1969;Glotzbach and Heller, 1984;Kaitin, 1984;Koyama and Hayaishi,
1994;Kumar et al., 1989;Lincoln, 1969;McGinty and Szymusiak, 1990,2000;Suntsova et al.,
2002;Szymusiak et al., 1998). A number of local microinjection studies have also suggested a
critical role for the preoptic area in the generation of SWS (Datta et al., 1988;Datta et al.,
1985;Kumar et al., 1986;Mendelson and Martin, 1992;Ticho and Radulovacki, 1991).

Some of the recent studies have claimed that the sole regions responsible for the generation of
SWS are located within the ventro-lateral (VLPOA) and/or median (MnPOA) preoptic areas
(Gaus et al., 2002;Gvilia et al., 2006;Lu et al., 2002;Saper et al., 2001;Sherin et al., 1998;Sherin
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et al., 1996). This assumption was primarily based on a significant increase of c-Fos
immunoreactivity occurring during SWS in the VLPOA and MnPOA (Gong et al., 2004;Gong
et al., 2000). In our laboratory, using an identical experimental paradigm, we have also
observed an increase in c-Fos activity within these two specific regions; however, a more
extensive analysis reveals that surrounding areas also display heightened c-Fos
immunoreactivity during SWS (Unpublished observation of Datta Laboratory). In fact, our
observations indicate that the numbers of c-Fos labeled cells in the medial preoptic area
(mPOA), as well as some parts of the basal forebrain, were relatively higher compared to the
VLPOA and MnPOA. Also notable is a study using functional magnetic resonance imaging
(fMRI) in the behaving rats that elegantly demonstrated the mPOA is more active than other
parts of the hypothalamus and basal forebrain during SWS (Khubchandani et al., 2005). The
results of a few studies suggest that small lesions in the VLPOA and MnPOA effectively
suppressed SWS (Gerashchenko et al., 2003;Lu et al., 2000); however, similar lesion
experiments in our laboratory demonstrated only a slight reduction in SWS that lasted
approximately two days. Additionally, a larger lesion that includes the entire POA reduced
SWS by 50% for approximately fourteen days. Indeed, a number of studies have shown that,
compared to VLPOA, a lesion in the mPOA is more effective to reduce SWS (John and Kumar,
1998;John et al., 1994;Srividya et al., 2006). Together these results suggest a more inclusive
role with regard to various regions of the POA in the generation of SWS.

Immunohistochemical analysis of sleep-active neurons in the preoptic area has revealed that a
majority contain the inhibitory neurotransmitters GABA and galanin (Gaus et al., 2002;Gong
et al., 2004;Gvilia et al., 2006;Sherin et al., 1998;Sherin et al., 1996). These sleep-active cells
innervate many wake-promoting areas of the brain, including the TMN, LH, LC, DRN, and
PPT/LDT (Gritti et al., 1994;Sherin et al., 1998;Steininger et al., 2001;Zardetto-Smith and
Johnson, 1995). Thus, it is possible that the increased activity of SWS-active GABAergic cells
in the preoptic area could release GABA to targets within the wake-promoting areas of the
brain. Released GABA could suppress activity in these areas in two different ways: 1) GABA
receptor-activation mediated inhibition of wake-promoting cells or 2) Inhibition of presynaptic
neurotransmitter release that is necessary for the activation of wake-promoting cells
(Gottesmann, 2002;Ulloor et al., 2004). Neuropharmacological studies have shown that SWS
is also induced by a number of sedating and hypnotic drugs that involve potentiation of preoptic
area GABAergic neurotransmission (Mendelson, 2001;Sallanon et al., 1989;Tung et al.,
2001;Tung and Mendelson, 2004). Heightened activity of GABAergic neurons throughout the
entire preoptic area during SWS substantiates the primary factor responsible for the induction
of SWS in terrestrial mammals is the activation of GABA-containing POA neurons.

Given this conclusion that the activation of POA GABAergic cells causes induction of SWS,
a numbers of pharmacological studies have demonstrated that the application of noradrenergic
and serotonergic drugs in the POA induces wakefulness (Datta et al., 1987;Datta et al.,
1985;Kumar et al., 1986;Kumar et al., 1984;Yamaguchi et al., 1963). Iontophoretic application
of both norepinephrine and serotonin also activates cells in the POA (Beckman and Eisenman,
1970;Cunningham et al., 1967;Jell, 1973,1974;Knox et al., 1973;Murakami, 1973). Although
these results are paradoxical to the interpretation discussion above, suggesting that the
activation of GABAergic POA cells could induce wakefulness. This interpretation implies
another precondition(s) may be involved in the POA GABAergic cells activation-mediated
induction of SWS. Indeed, recent research has indicated that the presence of a sleep inducing
factor, growth hormone-releasing hormone (GHRH), may be critical for the generation of
GABAergic POA cells activation-mediated SWS.

The GHRH is a peptide composed of 40–44 amino acid residues and is a member of the secretin-
glucagon peptide family (Mayo et al., 1995). There are two distinct clusters of GHRHergic
(GHRH-synthesizing) neurons in the hypothalamus: one cluster, containing majority of
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GHRHergic cells is located in the arcuate nucleus and another cluster, with less number of
cells, is located around the ventromedial nucleus and the paraventricular nucleus (Daikoku et
al., 1986;Merchenthaler et al., 1984;Sawchenko et al., 1985). In the rat, hypothalamic GHRH
mRNA levels peak around light onset, decrease towards the end of the light period and remain
at very low levels throughout the night (Bredow et al., 1996;Toppila et al., 1997). The light
onset is followed by a short rise in GHRH contents suggesting that the transcribed mRNA is
translated into protein very rapidly (Gardi et al., 1999). The results of these GHRH mRNA
levels and GHRH content could be interpreted as the time of the day where maximum GHRH
synthesis and release occur corresponds to the period of deepest SWS. It has also been shown
that sleep deprivation increases hypothalamic GHRH mRNA levels and depletes GHRH
peptide (Gardi et al., 1999;Toppila et al., 1997;Zhang et al., 1999). This anatomical and
temporal expression of GHRH mRNA and GHRH synthesis data suggest the possibility that
GHRH is involved in the induction of SWS.

The GHRHergic neurons in the arcuate nucleus are the major source of GHRH released at the
median eminence; thus, the control of pituitary GH secretion is the major function of this group
of neurons (reviewed in Obal and Krueger, 2004). The anterior pituitary somatotroph cells
produce growth hormone (GH); its secretion occurs in pulses throughout the day but, after
sleep onset, deep SWS is associated with large bursts of GH secretion. The GH secretion during
SWS can amount to two thirds of the total GH secreted in young males. The majority of the
extra-arcuate GHRHergic neurons as well as part of the arcuate GHRHergic neurons project
predominantly to the POA. This GHRHergic neuronal projection to the POA is significant
because the activation of POA GABAergic cells is shown to be involved in the generation and
maintenance of SWS. Indeed, systemic injection of GHRH increased SWS in the humans
(Kerkhofs et al., 1993;Marshall et al., 1999;Schussler et al., 2006;Steiger et al., 1992) and rats
(Obal et al., 1996). Intracerebroventricular administration of GHRH results in an increase SWS
in the rat (Ehlers et al., 1986;Nistico et al., 1987;Obal et al., 1988). Inhibition of endogenous
GHRH by using either a peptide antagonist (Obal et al., 1991) or anti-GHRH antibodies (Obal
et al., 1992) suppresses SWS. Inhibition of endogenous GHRH by feedback inhibition after
application of GH also suppresses SWS (Stern et al., 1975). Studies have also shown that the
SWS is reduced in the transgenic animal models with mutation in the GHRH gene as dw/dw
rat (Obal et al., 2001) and lit/lit mice (Obal et al., 2003) compared to their wild type of rats and
mice. Based on the above evidences, there is no doubt that GHRH is an important hypothalamic
peptide for the induction of SWS. Another study has demonstrated that the application of
GHRH directly into the mPOA increases SWS (Zhang et al., 1999). The same study also
demonstrated that spontaneous and rebound SWS after 3 hr total sleep deprivation is suppressed
when GHRH antagonist is microinjected into the mPOA. This study indicated that induced
SWS generating mechanisms by application of GHRH most likely involves the mPOA. More
recently, it has also been demonstrated that the application of GHRH in the hypothalamic cell
culture increases intracellular calcium level in the GABAergic cells (De et al., 2002).
Collectively, these studies discussed above could be interpreted that, for the induction of SWS,
GHRH is released in the POA and binds to the GHRH receptors to activate POA GABAergic
cells.

8. Mechanisms for the generation and maintenance of REM sleep
This section includes a historical perspective of early studies and theories that were critical for
the initiation of modern research on the mechanisms of REM sleep, the “Cellular-Molecular-
Network” (CMN) model of REM sleep regulation, and a discussion of studies that are the
experimental backbone of the CMN model.
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8.1. Historical perspective
Although REM sleep only occupies approximately 20% of our total sleep time, its regulation
is a relatively more complex process than that of SWS. To fully appreciate the history that has
guided modern research on the neurobiological mechanisms of REM sleep regulation, it is
important to mention early transection studies in the cat by Jouvet and his colleagues (Jouvet,
1962;Jouvet and Michel, 1959,1960;Jouvet and Mounier, 1960) and the original “reciprocal
interaction” model by McCarley and Hobson (1975). Transection studies by Jouvet and
collaborators demonstrated when the neuraxis was cut rostral to the pons, resulting in
destruction of the caudal portion of the midbrain, the activated EEG signs of REM sleep were
absent in the forebrain. This procedure, called “pontine preparation”, eliminated REM sleep
EEG signs but various observable signs of REM sleep persisted. Muscle atonia capable of
abolishing decerebrate rigidity, a classical sign of pontine preparation, and periodic rapid eye
movements were still present in post-transection sleep. Also notable was the appearance of
spiky waves in the pons, the pontine component of PGO waves. These signs of REM sleep
suggested that brainstem structures located caudal to the transection of the midbrain were
sufficient for the generation of REM sleep signs and periodicity. More importantly, these
results inspired the next generation of studies enabling the precise localization of cellular and
network components for REM sleep phenomena.

Publication of reciprocal-interaction model (Hobson et al., 1975;McCarley and Hobson,
1975a) was one of the most powerful catalysts for the initiation of modern research on the
neurobiological mechanisms involved in REM sleep. In this model, Lotka-Volterra equations
were used to mathematically describe the possible interactions between populations of REM-
on and REM-off neurons in the brainstem. This structural and mathematical model, for the first
time, proposed that aminergic and cholinergic neurons of the mesopontine junction interact in
a reciprocal manner that results in the ultradian alteration of mammalian REM and non-REM
sleep. According to this model, REM-on cells of the medial pontine reticular formation (mPRF)
are cholinergic and are postsynaptically excited by the activation of cholinergic receptors.
Conversely, REM-off cells are aminergic (noradrenergic cells in the LC and serotonergic cells
in the DR) and are postsynaptically inhibited by the activation of noradrenergic and
serotonergic receptors. During wakefulness, the aminergic REM-off system is tonically
activated, thus inhibiting the cholinergic REM-on system. Throughout non-REM sleep, the
aminergic inhibition wanes and cholinergic excitation waxes as a result of the gradual
withdrawal of aminergic inhibitory influences from cholinergic REM-on system. At REM
sleep onset, aminergic inhibition is turned off and cholinergic excitability peaks, while other
outputs are inhibited. The behavioral predictions of this reciprocal-interaction model might
have been influenced by the contemporary anatomical, single cell recordings, and local
microinjection studies of that time (Amatruda et al., 1975;Chu and Bloom, 1973;George et al.,
1964;Hobson et al., 1974;Hobson et al., 1975;McCarley and Hobson, 1971;Shute and Lewis,
1967).

Although this original reciprocal-interaction model initiated a new era of research on the
neurobiological mechanisms of REM sleep regulation, subsequent studies utilizing specific
monoclonal antibodies of choline acetyltransferase (Bernard et al. 1999) on multiple brain
regions, identified brainstem cholinergic cell groups in the PPT and LDT but not the mPRF
(Armstrong et al., 1983;Cuello and Sofroniew, 1984;Mesulam et al., 1989;Mesulam et al.,
1983,1984). Accordingly, single cell recording studies have shown that a subset of cholinergic
cells in the PPT and LDT are the principal REM-on neurons in the brainstem (reviewed in
Datta, 1995;Datta and Siwek, 2002). To accommodate these new findings, a modified
reciprocal-interaction model shifted the location for the major locus of cholinergic REM-on
neurons to the LDT/PPT from its original postulated location in the mPRF (Pace-Schott and
Hobson, 2002;Steriade and McCarley, 1990).
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Over the last 25 years of research, especially during the last decade, numerous studies are
directed towards understanding the basic mechanisms of REM sleep. Based on the results of
earlier studies and findings of the last decade, researchers have suggested that the regulation
of REM sleep involves a distributed network rather than a single center (Datta and Hobson,
1995;Vertes, 1984). The network for REM sleep generation and primary cell groups are located
within the pons and midbrain. Depending on the homeostatic, as well as some patho-
physiological demands, this brainstem network could also be modulated by many other cell
groups in the forebrain. The current status on our knowledge of the mechanisms of REM sleep
is summarized in the following description of “Cellular-Molecular-Network model of REM
sleep regulation”.

8.2. Cellular-Molecular-Network model of REM sleep regulation
Utilizing previous studies focused on REM sleep, a “structural and functional model for REM
sleep regulation” (Datta, 1995) was developed to formally acknowledge the idea of a distributed
network theory (Vertes, 1984). Since this earlier publication, the research and knowledge of
REM sleep regulation has grown tremendously. To update the “structural and functional model
for REM sleep regulation” and maintain a degree of flexibility for future developments in
cellular and molecular aspects of REM sleep regulation, the “structural and functional” model
is now renamed as “CMN model of REM sleep regulation”.

According to the CMN model, the individual events of REM sleep are generated by distinct
cell groups located in the brainstem. They are discrete components of a widely distributed
network rather than a single REM sleep “center.” For example, muscle atonia is executed by
the activation of neurons in the locus coeruleus alpha (LCα), rapid eye movements result from
the activation of neurons in the peri-abducens reticular formation (PAb), PGO waves emerge
by the activation of neurons in the caudo-lateral peribrachial area (C-PBL) of predator
mammals and in the dorsal part of the nucleus subcoeruleus (Sub C) of prey mammals,
hippocampal theta rhythm is produced via the activation of neurons in the pontis oralis (PO),
muscle twitches appear with the activation of neurons in the nucleus gigantocellularis
(especially the caudal part), and increased brain temperature and cardio-respiratory fluctuations
occur via the activation of neurons in the parabrachial nucleus (PBN). The cortical EEG
activation sign of REM sleep, however, is executed jointly by the activation of neurons in the
mesencephalic reticular formation (MRF) and rostrally-projecting bulbar reticular formation
(also called medullary magnocellular nucleus (MN)). We would like to emphasize here that
these particular cell groups are simply the executive neurons for an individual sign. For the
final expression of an individual sign, the relevant executive neurons employ a specific
neuronal circuit unique to that REM sleep sign. In essence, each of these REM sleep signs has
a separate, specialized network. Thus, each of these REM sleep signs could be modulated with
multiple neurotransmitters at multiple sites of their circuit.

Turn-on or turn-off conditions of REM sleep generating executive neurons are regulated by
the ratios of available aminergic and cholinergic neurotransmitters within those cell groups.
The source of aminergic neurotransmitters is the LC and RN, while cholinergic
neurotransmitters originate from the LDT and PPT. The activity of both aminergic and
cholinergic cells is approximately equal during wakefulness and the onset of SWS results in
an equal reduction in activity. Therefore, during wakefulness and SWS the ratio of aminergic
to cholinergic neurotransmitters in REM sleep generators is proportionate. During REM sleep,
however, aminergic cell activities are markedly reduced or absent and cholinergic cell activities
are comparatively high. The level of cholinergic cell activity during REM sleep is roughly
thirty-five percent less than that of wakefulness. Thus, when a hypothetical ratio of aminergic
and cholinergic neurotransmitters is 1:1, the REM sleep sign-generator remained in turned-off
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condition; however, when this ratio is 0:0.65, the generator is turned-on to express REM sleep
signs.

8.3. REM sleep sign-generators
In order for brainstem site to be considered a specific REM sleep sign-generator, we suggest
following three basic criteria. First, lesioning of a particular cell group in the brainstem
eliminates a particular REM sleep sign during natural REM sleep episodes. Second, stimulation
of the same cell group would elicit that particular REM sleep sign in a state-independent manner
(i.e. exhibition of that REM sleep sign during wakefulness and SWS). Finally, the single cell
activity patterns of those cells should exhibit a discharge profile consistent with causality (i.e.
for the tonic signs, there should be an appropriate increase in tonic discharge rate and for the
phasic signs, there should be an increase in tonic and/or bursting type of discharges prior to
that particular sign of REM sleep). Following are the descriptions of individual generators for
the six most important signs of REM sleep.

8.3.1. Cortical EEG activation generator—High frequency, low amplitude cortical EEG
is present in both wakefulness and REM sleep, making the identification of this generator
challenging. Jouvet (1962) proposed that the nucleus pontis caudalis was the region most
directly involved in the activation of cortical EEG during REM sleep. As such, initial studies
examining the neural substrates controlling active cortical EEG during REM sleep were
concentrated in the pons rather than in the midbrain or medulla. A series of studies placed
electrolytic lesions throughout the pons to examine changes in REM sleep architecture (Carli
et al., 1963,1965;Carli and Zanchetti, 1965;Zanchetti, 1967). The collective results
demonstrated that activation of cortical EEG during REM sleep was unaffected by lesions in
the anterior, dorsal, and median raphe nuclei as well as the locus coeruleus and subcoeruleus
nuclei, nucleus reticularis tegmenti pontis, dorsal and ventral tegmental nuclei of Gudden, and
pontis caudalis. Since these lesion studies decreased the likelihood that the pons was involved
in REM sleep cortical activation, researchers focused attention on the midbrain as a possible
generator for REM sleep EEG. Two early lesion/transection studies provided evidence
indicating the midbrain may be more important than pons in the generation of REM sleep
cortical EEG activity (Candia et al., 1967;Hobson, 1965). The role for midbrain cells in cortical
EEG activation was further strengthened by the demonstration that midbrain reticular
formation cooling, which temporarily blocks neuronal activities, leads to a reversible
suppression of cortical EEG activation (Jones and Bickford, 1977;Skinner, 1970). More recent
studies, utilizing kainic acid lesions, confirm the activated cortical EEG sign of REM sleep is
not generated by the pons (Sastre et al., 1981). Another chemical stimulation study
demonstrated that a microinjection of kainic acid into the midbrain immediately (latencies
between 20 and 30 sec) activates the cortical EEG in the behaving cats (Kitsikis and Steriade,
1981). This induced state-independent cortical EEG activity lasted for approximately 12–24
hrs. Therefore, it is possible the activation of this midbrain injection site is associated with the
cortical EEG activation of REM sleep.

The importance of the midbrain in the generation of cortical EEG, specifically during REM
sleep, was firmly established by analyzing state-dependent activity of individual neurons. A
series of studies recording single cell activity patterns demonstrated that, when compared to
the slower EEG state of SWS, the tonic firing rates of midbrain reticular formation neurons
are significantly higher during the active EEG states of wakefulness and REM sleep
(Kasamatsu, 1970;Manohar et al., 1972;Steriade et al., 1982). It is also been reported that these
cells begin to increase their firing rate preceding changes in cortical EEG activity during
transitions from SWS-REM sleep (Steriade et al., 1982). Another single cell recording study
identified a population of rostrally-projecting neurons in the medullary reticular formation
(magnocellular nucleus) that discharge tonically during REM sleep (Steriade et al., 1984).
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These cells begin to increase their firing rate about a minute before the transition between SWS
and REM sleep and fire maximally during REM sleep. Based on these activity patterns, Steriade
et al. (1984) proposed that these medullary reticular formation cells act synergistically with
MRF neurons to control the EEG activation during REM sleep.

We suggest for the generation of REM sleep associated cortical EEG activity, glutamatergic
cells in the MRF and magnocellular nucleus are activated, resulting in stimulation of the
thalamo-cortical pathway. Ultimately, activation of thalamo-cortical pathway excites the
cerebral cortex resulting in the generation of active EEG signs.

8.3.2. Muscle atonia generator—Absence of postural muscle tone, or muscle atonia, is a
well-documented characteristic of REM sleep. During periods of REM sleep, all terrestrial
mammals remain paralyzed by the active inhibition of motoneurons controlling the tone of
antigravity muscles. The previously mentioned study by Jouvet (1962) demonstrated that the
muscle atonia during REM sleep remained intact following a transection between rostral pons
and midbrain. Additionally, this study illustrated that a transection between caudal pons and
rostral medulla abolished REM sleep atonia. These two observations established the primary
brain structure(s) responsible for the generation of muscle atonia during REM sleep to be
located within the pons. This important hypothesis was confirmed by other investigators in
subsequent studies (Matsuzaki, 1969;Villablanca, 1966). One particular lesion study by Jouvet
and Delorme (1965) intended to further localize the specific part of the pons that may be
responsible for the generation of atonia during REM sleep in the cat; however, a remarkably
interesting phenomenon occurred. Commonly described as “REM sleep without atonia”,
bilateral lesions centered in the caudal part of the LC eliminated muscle atonia while all other
signs of REM sleep remained intact. Based on this observation, these investigators suggested
that the LC is involved in the generation of atonia during REM sleep (Jouvet and Delorme,
1965). Subsequent lesion studies in the cat revealed that smaller lesions ventromedial to the
LC were more effective in disrupting the atonia of REM sleep than those directly on the LC
(Hendricks et al., 1982;Henley and Morrison, 1974;Morrison, 1979;Sastre and Jouvet,
1979;Sastre et al., 1978). This REM sleep atonia generating site in the ventromedial to LC was
later termed the peri-LC-alpha in the cat (Sakai, 1980). Recent lesion studies in cats and rats
have also confirmed that the REM sleep atonia generating site is located in the peri-LC-alpha
(Lu et al., 2006;Sanford et al., 1994). In the rat, this area has been designated as sublaterodorsal
nucleus (SLD) (Boissard et al., 2002;Lu et al., 2006). Besides evidences from lesion studies,
three other lines of evidences have also demonstrated that REM sleep atonia generating neurons
are located within the peri-LC-alpha. The first involves experiments recording single cell
activity patterns in cats that report the cells of the peri-LC-alpha are predominantly REM-on
cells and half of those REM-on cells discharge selectively and at tonic rates throughout the
atonia of REM sleep (Sakai, 1980;Sakai et al., 1981). Secondly, electrical stimulation of
pontine areas that overlap the peri-LC-alpha results in hyperpolarization of lumber motor
neurons in the cat during REM sleep (Fung et al., 1982). Finally, inhibition of peri-LC-alpha
cells by local microinjection of clonidine eliminates muscle atonia during REM sleep (Datta
et al., 1993a). More recently, it has been shown that neurons in the peri-LC-alpha/SLD are of
glutamatergic type (Lu et al., 2006).

We suggest that the activation of muscle atonia generating neurons in the peri-LC-alpha
activates medullary inhibitory area of Magoun and Rhines (1946) via the tegmento-reticular
tract (Datta et al., 1993a;Datta et al., 1993b;Hendricks et al., 1982;Sakai, 1980;Sakai et al.,
1981); which, in turn, activates GABAergic and/or glycinergic neurons in the spinal cord
(Chase et al., 1989;Taepavarapruk et al., 2002). Ultimately, the activation of those GABAergic
and/or glycinergic cells inhibits spinal motor neurons (Chase et al., 1981;Chase et al.,
1989;Curtis et al., 1968;Fung et al., 1982;Maxwell and Riddell, 1999;Taal and Holstege,
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1994;Taepavarapruk et al., 2002;Walmsley et al., 1987;Watson and Bazzaz, 2001). This
inhibition results in muscle atonia that characterizes REM sleep.

8.3.3. Rapid eye movements generator—Although the expression of rapid eye
movements (REMs) are a distinguishing feature of REM sleep, very few studies have been
devoted to localizing the specific brainstem site containing cells that generate REMs. To
effectively describe the REMs generator, we will first focus on some studies devoted to
identifying brainstem cells that control saccadic eye movements during wakefulness. The
involvement of the brainstem in eye movement control was initially proposed after stimulation
of the ponto-medullary reticular formation resulted in conjugate eye movements and small
unilateral lesions eliminated ipsilateral eye movements in the conscious monkeys (Cohen and
Komatsuzaki, 1972;Goebel et al., 1971). Correspondingly, a number of single cell recording
studies have identified many different cell types in the brainstem whose firing patterns were
temporally synchronized with different aspects of saccadic eye movements (Curthoys et al.,
1981;Henn and Cohen, 1976;Hikosaka and Kawakami, 1977;Igusa et al., 1980;Kaneko et al.,
1981;Keller, 1974;Luschei and Fuchs, 1972;Yoshida et al., 1982). Of those different types of
cells, a group of excitatory neurons discharge a burst of action potentials immediately preceding
ipsilateral horizontal saccades that continues for the approximate duration of the saccade.
Moreover, these neurons are virtually silent in the absence of eye movements, during slow
pursuit eye movements, during vertical saccades, and during contralateral horizontal saccades.
These excitatory burst neurons are localized within a relatively restricted region of the
dorsomedial pons just rostral to the abducens nucleus, also known as peri-abducens area
(Curthoys et al., 1981;Gottesmann, 1997;Igusa et al., 1980;Kaneko et al., 1981). Stimulation
of the burst neuron region evokes monosynaptic excitatory postsynaptic potentials (EPSPs) in
the abducens motor neurons (Highstein et al., 1976) and these burst neurons can be
antidromically activated from the ipsilateral abducens nucleus (Igusa et al., 1980;Kaneko et
al., 1981). Additionally, a field potential in the abducens nucleus at monosynaptic delays can
be induced by repetitive firing of these burst neurons (Igusa et al., 1980). Applying both
anterograde and retrograde anatomical techniques, cells from the burst neuron region have
been shown to directly project to the abducens nucleus (Buttner-Ennever and Henn,
1976;Gacek, 1979;Graybiel, 1977;Maciewicz et al., 1977). Since the discharge is tightly phase
locked to individual saccades and excitation of these cells monosynaptically excite the
abducens nucleus, these burst neurons have been suggested to be the immediate pre-motor
elements that generate horizontal saccades (Kaneko et al., 1981). Based on the anatomical and
physiological characteristics of these excitatory burst neurons, it is reasonable to speculate that
these cells could also be involved in the generation of REMs associated with REM sleep. In
fact, a population of cells in the chronically prepared decerebrate cat exhibit brief, phasic bursts
of activity correlated with discrete bursts of REMs during spontaneous and eserine-induced
REM sleep-like states (Hoshino et al., 1976). Similar to the excitatory burst neurons, considered
the immediate pre-motor elements generating horizontal saccades during wakefulness, these
REM specific burst neurons are also located within the peri-abducens area (Hoshino et al.,
1976). In another single cell recording study, it was reported that 32 of 306 pontomedullary
cells discharge in association with the rapid (saccadic) eye movements of both waking and
REM sleep (Siegel and Tomaszewski, 1983). Interestingly, all of these 32 neurons were found
clustered within the peri-abducens area. Based on the collective findings of above discussed
studies, it is reasonable to suggest that the peri-abducens area is the REMs generator. As such,
we suggest that the activation of REMs generating cells in the peri-abducens area stimulate
occulomotor neurons in the abducens nucleus, which activate occulomotor muscles to cause
the expression of REMs associated with REM sleep. In addition to this primary generator (peri-
abducens area), REM sleep associated clusters of REMs are also positively modulated by the
activation of vestibular nuclei and phasic P-wave generating cells through a feed-forward
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monosynaptic network (Datta and Hobson, 1994;Datta et al., 1998;Mergner and Pompeiano,
1978;Morrison and Pompeiano, 1966;Pompeiano and Morrison, 1965).

8.3.4. Hippocampal theta-wave generator—The hippocampal theta-wave rhythm is a
sinusoidal pattern of electrical activity in the frequency range of 5–10 Hz (Vertes and Kocsis,
1997). Green and Arduini (1954) were the first to draw widespread attention to existence of
the prominent theta rhythm in the rabbit hippocampus. These investigators and many others
have demonstrated that theta rhythm could be elicited by both natural sensory stimulation and
direct activation of the brainstem reticular formation (Green and Arduini, 1954;Kahana et al.,
2001;Vanderwolf, 1969;Xu et al., 2004). Hippocampal theta-wave rhythm is present
continuously throughout REM sleep and during specific waking conditions (reviewed in
Vertes, 1982;Vertes and Kocsis, 1997). Although theta-wave rhythm is present during certain
waking conditions, these waking conditions vary between species (Vanderwolf, 1969;Winson,
1972). The short episodes of theta-wave rhythm during specific waking are also not as
synchronized as REM sleep (Vertes and Kocsis, 1997). Between 1954 and 1982, a number of
studies were devoted to localizing the specific brainstem and/or forebrain nuclei involved in
generation of hippocampal theta rhythm (reviewed in Vertes, 1982,2005;Vertes et al., 2004).
Different studies have contributed to different aspects of the theta-wave generator and its
ascending pathways (Macadar et al., 1974;Robinson and Vanderwolf, 1978;Robinson et al.,
1977); however, the careful mapping studies of Vertes (Vertes, 1980,1981) and Macadar et al.
(1974) have conclusively demonstrated that the hippocampal theta-wave generator is located
in the nucleus pontis oralis. Using single cell recording techniques, Vertes (1977 Vertes (1979)
also identified a specific type of neuron with theta-associated discharge characteristics within
the nucleus pontis oralis of the rat. These cells, designated as tonic MOV-REM neurons,
maintained a selectively high tonic rate of discharge during waking-motor behavior and REM
sleep. More interestingly, these cells exhibited changes in firing rate that corresponded directly
to fluctuations in the regularity of the theta rhythm during REM sleep. The MOV-REM type
of cells is also present in the pontine reticular formation of the freely moving cat (Sakai,
1980). Furthermore, another study by Vertes and his colleagues (Vertes et al., 1993) induced
hippocampal theta-wave rhythms in the urethane-anesthetized rats via cholinergic activation
of nucleus pontis oralis.

Thus, based on the collective results from the above studies, REM sleep associated
hippocampal theta wave rhythms are generated primarily by the activation of specific cells in
the nucleus pontis oralis. This activating signal from the nucleus pontis oralis to the
hippocampus involves a polysynaptic interplay between GABAergic and cholinergic cells of
the septo-hippocamapal pathway (reviewed in Vertes and Kocsis, 1997;Xu et al., 2004).
Recently, it has been demonstrated that the activation of P-wave generating cells could also
reset the frequency and amplitude of hippocampal theta-wave rhythms through monosynaptic
connections between the P-wave generator and dorsal hippocampus (Datta, 2006;Datta et al.,
1998).

8.3.5. Fluctuations in autonomic systems—Body temperature, blood pressure, heart
and respiratory rates exhibit fluctuations beyond normal limits during REM sleep (Baust et al.,
1972;Parmeggiani, 1980;Parmeggiani and Rabini, 1967,1970;Snyder et al., 1964). Since all of
these variables are coordinated by the autonomic nervous system, it is assumed that mammalian
autonomic system suspends regulatory functions throughout REM sleep. For example,
hypothalamic temperature regulating systems reduce and/or suspend their role in the
homeostatic control of body temperature. As a result, body temperature could raise or fall
depending on the environmental temperature (Glotzbach and Heller, 1976;Parmeggiani,
1980;Parmeggiani and Rabini, 1967). In essence, homeothermic mammals become
temporarily poikilothermic. A number of studies have suggested that REM sleep associated
changes in the rates and patterns of neuronal activity in the brainstem parabrachial area (PBN)
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is responsible for the disruption of thermostatic functions of hypothalamic thermoregulatory
systems (reviewed in Datta, 1995;Parmeggiani, 1980). Breathing also becomes shallow, more
frequent and irregular during REM sleep (Gottesmann, 1969;Orem et al., 1977;Phillipson,
1978;Radulovacki and Carley, 2003;Remmers et al., 1976;Sullivan, 1980). The central control
of respiration is a complex process involving several brainstem areas, each controlling a
different aspect of breathing. Using lesion, stimulation, and single cell activity recording
techniques, a number of studies have provided strong evidences supporting the altered activity
of the PBN neurons associated with REM sleep is the causal factor for respiratory fluctuations
during REM sleep (Bertrand and Hugelin, 1971;Cohen, 1971;Harper and Sieck, 1980;Knox
and King, 1976;Lydic and Orem, 1979). The most striking cardiovascular changes in REM
sleep involve phasically occurring increases in heart rate and blood pressure that coincide with
the other phasic events of REM sleep (Baust and Bohnert, 1969;Gassel et al., 1964;Gottesmann,
1969;Mancia and Zanchetti, 1980;Spreng et al., 1968). Similar to the respiratory system,
several cell groups of the brainstem, cerebellum, and forebrain have been implicated in
cardiovascular control (Alexander, 1946;Armour, 2004;Calaresu et al., 1976;Chai and Wang,
1962;Ciriello and Calaresu, 1977;Evans, 1980;Gordon and Sved, 2002;Levy and Martin,
1979;Loewy et al., 1979;Lowie and Spyer, 1990;Miura and Reis, 1969;Ward and Gunn,
1976). Using stimulation and single cell recording techniques, it has been suggested that REM
sleep associated changes in the rate and patterns of the PBN neuronal activity is responsible
for the heart rate and blood pressure changes during REM sleep (Mraovitch et al., 1982;Sieck
and Harper, 1980). In summary, executive neurons producing REM sleep associated
fluctuations in the autonomic functions are located within the PBN.

8.3.6. PGO/P-wave generator—PGO/P-waves are considered one of the most definitive
physiologic signs of REM sleep. Initial experiments in the cat identified a field potential that
originates in the pons (P) and propagates to the lateral geniculate body (G) and occipital cortex
(O); thus termed the PGO wave (Brooks and Bizzi, 1963;Jouvet, 1965). This field potential
was subsequently recorded from many other parts of the brain which receive excitatory inputs
from the PGO-wave generation site (Datta, 1997;Datta et al., 1998). In addition to cats, the
PGO wave has been documented and studied in other mammals including non-human primates,
humans, and rodents (reviewed in Datta, 1997). Since the field potential is absent in the LGB
of the rat (Stern et al., 1974), due to the lack of afferent inputs from P-wave generating cells,
this field potential is called a P-wave (Datta et al., 1999). The P-wave in the rat is equivalent
to the pontine component of the PGO wave in the cat (Datta et al., 1999;Datta et al., 1998).
Lasting for 75–150 msec, the P-wave appears during REM sleep as clusters containing a
variable number of P-waves (3–5 waves/burst) or a singlet with amplitudes ranging from 100–
150μV and a frequency range of 30–60 spikes/min (Datta, 2000;Datta et al., 1998;Datta et al.,
2001a).

Transection, lesion, electrical stimulation, and thermal cooling experiments have directly and
indirectly demonstrated that the PGO/P-wave generator is located within the pons (reviewed
in Datta, 1997). For example, a number of studies recording single cell activity patterns in and
around the PPT/LDT observed a small population of neurons (about 3–5%) that discharged in
bursts of 3–5 spikes preceding individual LGB PGO waves (McCarley et al., 1978;Nelson et
al., 1983;Saito et al., 1977;Sakai and Jouvet, 1980;Steriade et al., 1990b;Steriade et al.,
1990a). Based on this observation, these cells were considered to be PGO-wave generating
neurons (McCarley et al., 1978;Steriade et al., 1990b). Recent studies, however, clearly
indicate that the burst cells in the PPT/LDT are not PGO-wave generating neurons (reviewed
in Datta, 1995). Instead, these cells, called transferring neurons, are responsible for conveying
information from the pontine PGO to the forebrain in the cat (Datta, 1997). In the rat, P-wave
generating cells transmit P-wave information directly to the forebrain (Datta et al., 1998).
Therefore, this type of transferring neurons is absent in the rat (Datta and Siwek, 2002). Using
chemical microstimulation, cell-specific lesions, and single cell recording techniques, the
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PGO-wave generator in the cat was localized in the caudo-lateral part of the peribrachial area;
whereas, the P-wave generator in the rat is located within the dorsal part of the subcoeruleus
nucleus (Datta, 1995;Datta and Hobson, 1994,1995;Datta et al., 1998). Analysis utilizing
specific monoclonal antibodies has identified P-wave generating cells to be glutamatergic
(Datta, 2006). Single cell recording studies have shown that these P-wave generating neurons
discharge high-frequency (>500 Hz) spike bursts (3–5 spikes/burst) in the background of
tonically increased firing rates (30–40 Hz) during the transition from SWS to REM sleep (tS-
R) and REM sleep (Datta, 1997;Datta and Hobson, 1994). These glutamatergic P-wave
generating cells normally remain silent during W and SWS (Datta and Hobson, 1994). A
neuroanatomical pathway tracing study has demonstrated that functionally identified P-wave
generator cells project to the hippocampus, amygdala, entorhinal cortex, visual cortex and
many other regions of the brain known to be involved in cognitive processing (Datta et al.,
1998). Using microdialysis technique, we have also observed that the cholinergic activation
of the P-wave generator increases glutamate release in the dorsal hippocampus (Datta, 2006).
Likewise, it has been demonstrated that the P-wave activity has a positive influence on the
hippocampal theta-wave activities in the dorsal hippocampus (Datta, 2006;Karashima et al.,
2002;Karashima et al., 2004).

8.4. Regulation of state-dependent cholinergic tone in the REM sleep sign-generators
While progressing towards REM sleep, receptor activation-mediated aminergic tone slowly
reduces and cholinergic tone begins to increase in the REM sleep sign-generators. The net
result of aminergic tone withdrawal and increased cholinergic tone is the activation of each
individual REM sleep sign-generator to express specific REM sleep signs (Datta, 1995;Datta
et al., 1997). There are three different evidences to support the cholinergic involvement in REM
sleep sign-generator activation. First, anatomical studies have shown that each of these
individual REM sleep sign generating nuclei receives anatomical inputs from the PPT
(Hallanger and Wainer, 1988;Mitani et al., 1988;Moon-Edley and Graybiel, 1983;Rye et al.,
1988;Semba, 1993;Woolf and Butcher, 1986,1989;Woolf et al., 1990). Second, in a number
of studies, it has been shown that the cholinergic activation of individual REM sleep sign-
generating nuclei results in state independent expression of that particular REM sleep sign
(Datta et al., 1992;Datta et al., 2004;Datta et al., 1993b;Datta et al., 1998;Kodama et al.,
1998;Vertes et al., 1993). Finally, REM sleep is increased and suppressed by activation and
inhibition of PPT cholinergic cells, respectively (Datta, 2002;Datta and Siwek, 1997;Datta et
al., 2002;Datta et al., 2001a;Ulloor et al., 2004). Thus, the regulation of state-dependent
cholinergic tone in the REM sleep sign-generators depends directly on the regulation of state-
dependent activity patterns of the PPT cholinergic cells. Following are brief descriptions of
state-dependent activity patterns of PPT cholinergic cells and receptor activation-mediated
intracellular events responsible for the regulation of REM sleep.

8.4.1. Neuronal activity patterns of the PPT cholinergic cells—Although
examination of the state-dependent neuronal activity patterns of brainstem cells began in late
1960’s, studies specifically designed to record state-dependent activity patterns of cells within
the anatomically defined cholinergic nuclei of the brainstem (PPT and LDT) did not begin until
1987. During this period, two researchers (Datta and El-Mansari) from two different
laboratories (Steriade and Sakai) began, for the first time, to record single cell activity patterns
of PPT and LDT cholinergic cells in the cat (Datta et al., 1989;El Mansari et al., 1989). The
PPT and LDT were only established as the major cholinergic nuclei of the brainstem by choline
acetyltransferase immunohistochemistry studies during the 1980’s; thus accounting for the
relative delay in recording activity of these cells (Armstrong et al., 1983;Cuello and Sofroniew,
1984;Kimura et al., 1981;Mesulam et al., 1983,1984;Mizukawa et al., 1986;Satoh and Fibiger,
1985a,1985b;Shiromani et al., 1988;Vincent and Reiner, 1987;Woolf and Butcher, 1986).
Perhaps another factor delaying the recording of these cells involves the surgical removal of
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tentorium, a bony structure overlying the PPT and LDT. Without this procedure it was almost
impossible to approach cells of the entire PPT and LDT with a microelectrode in the cat. During
this period, however, surgical removal of tentorium was perfected by Datta et al. (Datta et al.,
1989) for the single cell recordings in chronically prepared behaving cats (Steriade et al.,
1990b;Steriade et al., 1990a).

A detailed description of state-dependent activity patterns of PPT/LDT cholinergic cells and
specific criteria for the classification of these cells has been previously published in a review
article (Datta, 1995). Briefly, based on the activity patterns, single cell activity recording
studies have identified several different types of cholinergic cells in the PPT/LDT area of
behaving cats (Datta et al., 1989;El Mansari et al., 1989,1990;Steriade et al., 1990b;Steriade
et al., 1990a). Of those cells, the firing rates of two types of neurons correlate well with the
initiation and maintenance of REM sleep. The firing rate of the first type of neuron, called
REM-on cells, increases as the animal transitions from wakefulness to SWS and then to REM
sleep. The firing rate of the second group of neurons, called Wake-REM-on cells, increases
during both wakefulness and REM sleep. Two other single cell recording studies sampled a
much smaller population of cells and recorded similar types of activity patterns in the LDT of
rat (Kayama et al., 1992) and LDT/PPT of cat (Thakkar et al., 1998). More recently, single cell
activity patterns in the freely moving rat across multiple sleep-wake cycles were recorded from
the neurons in the cholinergic cell compartment of the of the PPT (Datta and Siwek, 2002).
For several reasons, the results of PPT neuronal activity analysis of this study were more
informative and interesting than earlier studies. This is the first study that recorded state-
dependent single cell activity patterns of PPT cholinergic cells in the freely moving rats. Of
those 70 cells recorded from the cholinergic cell compartment of the PPT, 12.86% were of
REM-on type and 60.0% were of Wake-REM-on type. Interestingly, mathematical analysis of
this study revealed, for the first time, that the level of population activity within the cholinergic
cell compartment of the PPT is one of the most critical factors for the induction of REM sleep
(Datta and Siwek, 2002). This study also revealed that unlike in the cat (El Mansari et al.,
1990;Steriade et al., 1990b) and brainstem slices of rats and guinea pigs (Leonard and Llinas,
1994;Luebke et al., 1992;Williams and Reiner, 1993), cholinergic cells in the PPT of adult
freely moving rats do not fire in a bursting mode (Datta and Siwek, 2002). Although only a
small amount of LDT neurons were examined, none recorded in the head-restrained adult rats
showed a bursting type of neuronal activity (Kayama et al., 1992). Thus, the bursting type of
neuronal activity in the rodent slice preparation could be the slice-specific experimental
preparation effect rather than a natural phenomenon.

8.4.2. Receptor activation-mediated intracellular events within the cholinergic
cell compartment of the PPT—Based on some indirect evidences, the involvement of
PPT/LDT cholinergic cells the generation REM sleep has been suggested for the long time
(Steriade and McCarley, 1990). During the last decade, however, direct evidences have shown
that when the activity level in the cholinergic cell compartment of the PPT reaches to about
65% level by tonic release of glutamate, REM sleep is induced (Datta et al., 1997;Datta and
Siwek, 2002;Datta et al., 2001a). Throughout SWS, activation of GABA-B receptors inhibits
cells in the cholinergic cell compartment of the PPT maintaining a population activity level of
approximately 7.4% (Datta and Siwek, 2002;Ulloor et al., 2004). Activation of low-threshold,
kainate-type glutamate receptors on the PPT cholinergic cells results in a population activity
level increase in the cholinergic cell compartment of the PPT to about 65%, resulting in REM
sleep generation (Datta, 2002;Datta et al., 2002). When high-threshold NMDA-type receptors
on those PPT cholinergic cells are also activated, the population activity in the cholinergic cell
compartment reaches approximately 100%, resulting in wakefulness (Datta et al., 2001b;Datta
and Siwek, 2002;Datta et al., 2002). In summary, PPT cholinergic cell activity and REM sleep
are regulated by the interactions of neurotransmitters glutamate and GABA as well as the
activation of kainate, NMDA, and GABA-B receptors.
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It is a well-established fact that the neurotransmitter-mediated excitation and inhibition of PPT
cells are important processes for the regulation of REM sleep. This receptor-mediated action
involves intracellular molecular signaling mechanisms for the transcription, gene activation,
and protein synthesis ultimately expressing REM sleep behavior. To this end, the results of
some recent experiments are very promising for understanding the molecular mechanisms of
REM sleep regulation (Bandyopadhya, 2006;Datta, 2006;Datta and Prutzman, 2005). One
study has demonstrated that the activation of GABA-B receptors within the cholinergic cell
compartment of the PPT suppresses REM sleep in the freely moving rat (Ulloor et al., 2004).
It is known that the GABA-B receptors couple to Gi/Go G proteins (Couve et al., 2000;Kerr
and Ong, 1995;Mody et al., 1994;Robbins et al., 2001;Sivilotti and Nistri, 1991;Takahashi et
al., 1998;Thompson, 1994), and Gi/Go G proteins inhibit adenylyl cyclase (AC); which, in
turn, prevents activation of the cAMP-PKA signal transduction pathway (Gilman,
1987;Marinissen and Gutkind, 2001). Therefore, the suppression of REM sleep, initiated by
the activation of GABA-B receptors in the PPT, may be due to inhibition of the cAMP-PKA
signal transduction pathway. Recent pharmacological and physiological studies have also
shown that the activation of PPT kainate-type glutamate receptors induces REM sleep (Datta,
2002;Datta et al., 2002). It is also well known that the activation of kainate receptors increases
the cytoplasmic free calcium concentration (Bernard et al., 1999;Bleakman and Lodge,
1998;Haak et al., 1997;Kovacs et al., 2000;Michaelis, 1998). In neurons, calcium ions can
stimulate the production of cAMP and the activation of PKA via the activation AC (Cali et al.,
1994;Ginty et al., 1991;Waltereit et al., 2001;Xia et al., 1996). Thus, it is possible that the
activation of kainate receptors in the PPT could also activate the cAMP-PKA signal
transduction pathway to induce REM sleep. Indeed, one recent study has demonstrated that
the inhibition of AC in the cholinergic cell compartment of the PPT suppressed REM sleep in
the freely moving rat (Datta and Prutzman, 2005). Yet another recent study demonstrated that
REM sleep increases with increased catalytic subunit of PKA and PKA enzymatic activity in
the cholinergic cell compartment of the PPT (Bandyopadhya et al., 2006). This study also
demonstrated that the pharmacological inhibition of PPT intracellular cAMP-PKA activity
suppressed REM sleep. Accordingly, it appears that the cAMP-PKA intracellular signaling
pathway is critically involved in the cholinergic cell compartment of the PPT for the regulation
of cholinergic tone in the REM sleep sign-generators. Rapid desensitization (in seconds) is one
of the important characteristics of the kainate receptors (GluR6) but, increased cytosolic PKA
activity can phosphorylate GluR6 subunits and modulate channel function for about 3–25
minutes (Wang et al., 1993). In turn, this cytosolic PKA activity mediated phosphorylation
increases the number of active receptors and effectively enhances the gating properties of the
channels (Wang et al., 1993). So, the increased PKA activity may also be responsible for the
sustained activity of the PPT cells and maintenance of normal REM sleep episodes.

8.4.3. Relationship between the PPT cholinergic cells and glutamatergic cells in
the mPRF—A number of sleep researchers believe that the mPRF is the “effector zone” for
the REM sleep generation (reviewed in McCarley, 2004). According to our model (CMN model
of REM sleep regulation), there exist multiple effector zones (REM sleep sign-generators)
rather than a single effector zone. Following is the description and our interpretation of some
important studies to understand the relationship between PPT and mPRF for the regulation of
REM sleep. This would also clarify the philosophical as well as scientific difference between
single and multiple effector zone(s).

Neuroanatomical studies using retrograde tracer have shown that the axons of PPT and LDT
cholinergic neurons terminate in the mPRF of cat (Leichnetz et al., 1989;Mitani et al.,
1988;Shiromani et al., 1988) as well as in the rat (Semba, 1993). More importantly, it has also
been demonstrated that functionally identified REM sleep induction zone in the mPRF receives
anatomical projections from the PPT and LDT (Quattrochi et al., 1989). Similarly,
neuroanatomical pathway tracing studies have also shown that the neurons from the mPRF

Datta and MacLean Page 30

Neurosci Biobehav Rev. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



REM sleep induction zone project to the PPT and LDT (Leichnetz et al., 1989;Semba and
Fibiger, 1992;Steininger et al., 1992). It is also known that the neurons in the mPRF REM sleep
induction zone are glutamatergic type (Lai et al., 1993;Liu et al., 1995). Collective results of
these anatomical studies provide evidence for the existence of bidirectional anatomical
connections between glutamatergic cells in the mPRF REM sleep induction zone and
cholinergic cells in the PPT/LDT.

The involvement of a cholinergic neurotransmitter system in the regulation of REM sleep was
first suggested during the early part of 1960’s (Cordeau et al., 1963;George et al.,
1964;Hernandez-Peon et al., 1962;Mitler and Dement, 1964). These studies have shown that
the application of acetylcholine or cholinergic agonist, carbachol, into the brainstem induces
REM sleep-like state in the cat. A number of studies from various laboratories confirmed, as
well as expanded, those original cholinergic stimulation studies by inducing a REM sleep-like
state in the cat via local microinjection of pharmacological agents that increase acetylcholine
by blocking its natural degradation or via activation cholinergic receptors in the mPRF
(Amatruda et al., 1975;Baghdoyan et al., 1984a;Baghdoyan et al., 1984b,1987;Baxter,
1969;Hobson et al., 1983;Kostowski, 1971;Quattrochi et al., 1989;Shiromani and McGinty,
1986;Vanni-Mercier et al., 1989;Velazquez-Moctezuma et al., 1989;Velazquez-Moctezuma et
al., 1991;Yamamoto et al., 1990a;Yamuy et al., 1993). Microinjection of similar agents in rats
also yields a comparative induction of a REM sleep-like state (Bourgin et al., 1995;Gnadt and
Pegram, 1986;Kubin, 2001;Marks and Birabil, 1998;Shiromani and Fishbein, 1986). Some
other studies have shown that application of carbachol results in the excitation of mPRF
neurons (Greene and Carpenter, 1985;Greene et al., 1989;Shiromani and McGinty,
1986;Yamamoto et al., 1990b). It has been demonstrated that the electrical stimulation of the
PPT increases acetylcholine release in the mPRF of cat (Lydic and Baghdoyan, 1993).
Acetylcholine release in the mPRF of cats is also increased during natural REM sleep (Kodama
et al., 1990). Single cell recording studies in the behaving cats have also shown that the majority
of the mPRF neurons increase firing rates during natural REM sleep (Hobson et al.,
1974;Hobson et al., 1975;McCarley and Hobson, 1975a,1975b). Similarly, intracellular
recordings of mPRF neurons in the behaving cats demonstrated that during natural REM sleep,
membrane potential decreased (sign of depolarization) to a level less than −50 mV (Ito et al.,
2002). Concurrent with this depolarized state were a storm of depolarizing postsynaptic
potentials accompanied by high frequency single spiked action potentials. Our recent studies
have demonstrated that both exogenous and endogenous glutamate in the PPT cholinergic cell
compartment increases REM sleep by activating kainate type of glutamate receptors (Datta,
2000,2002;Datta and Siwek, 1997;Datta et al., 2001a). It has also been demonstrated that the
carbachol microinjection into the mPRF, activates PPT and LDT cholinergic cells (Shiromani
et al., 1992) and increases acetylcholine release in the mPRF (Lydic and Baghdoyan,
1992;Lydic et al., 1991). Combining microdialysis with microinjection techniques, another
study established that glutamate release is increased during natural REM sleep as well as post-
microinjection of acetylcholine into the mPRF (Kodama et al., 1998).

Based on the experimental evidences discussed above, it is reasonable to suggest that PPT
cholinergic cells are activated by the kainate type of glutamate receptors to initiate REM sleep.
Activation of PPT cholinergic cells releases acetylcholine in the mPRF and each of the
individual REM sleep sign-generators. This endogenously released acetylcholine from the PPT
neurons then activates glutamatergic cells in the REM sleep sign-generators to generate REM
sleep signs. Similarly, endogenously released acetylcholine from the PPT neurons also
activates glutamatergic cells in the mPRF. Cholinergically activated mPRF glutamatergic cells
then release glutamate in the cholinergic cell compartment of the PPT. This glutamate from
the mPRF activates PPT cholinergic cells to continue release of acetylcholine into the mPRF
and individual REM sleep sign-generators. Once REM sleep is initiated by the kainate receptor
activation-mediated excitation of PPT cholinergic cells, the mutually excitatory positive
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feedback relationship between PPT cholinergic cells and mPRF glutamatergic cells helps to
maintain REM sleep episodes. According to the single “effector zone” theory, the mPRF is the
effector zone; but, according to our CMN model, the mPRF is the “excitatory positive feedback
zone”. In our CMN model, there are multiple effector zones -- each of the individual REM
sleep sign-generators is considered an effector zone.

8.5. Modulation of monoaminergic tone in the REM sleep sign-generators
Since the cholinergic activation of REM sleep sign generating neurons occurs only if aminergic
tone is overpowered by the cholinergic tone (Datta, 1997;Datta et al., 1992;Datta et al.,
1998), the withdrawal of monoaminergic tone from the REM sleep generators would be an
ideal condition for the expression of REM sleep signs (Datta, 1995). The main sources of these
monoaminergic inputs to these REM sleep generators are serotonergic cells in the RN and
noradrenergic cells in the LC.

8.5.1. Serotonergic cells in the RN—Dahlstrom and Fuxe (1964) identified nine
brainstem serotonergic cell groups, which they termed B1-B9. Except for B9, all the
serotonergic nuclei were localized to the midline of the two halves of the brainstem. Based on
the seam-like appearance of this structure with serotonin-containing cells, this part of the brain
was designated as raphe nuclei (RN). The alpha-numeric designations were subsequently
replaced with names that reflect anatomical location or individual characteristics (e.g. dorsal
raphe, median raphe, nucleus linearis centralis, centralis superior, raphe pallidus,
supraleminiscal nucleus, raphe magnus, etc). Since its identification, there have been a number
of excellent reviews and original articles describing basic anatomy of each nucleus and number
of serotonergic cells in those individual nucleuses of the raphe nuclei (Azmitia and Gannon,
1986;Baker et al., 1991;Dahlstrom and Fuxe, 1964;Felten and Sladek, 1983;Ishimura et al.,
1988;Jacobs et al., 1984;Steinbusch and Nieuwenhuys, 1983;Vertes and Crane, 1997).
Although raphe nuclei are mainly identified as serotonergic nuclei, over the years a significant
proportion of cells in the raphe nuclei were found to contain GABA and other neurotransmitters
(Aznar et al., 2004;Belin et al., 1979;Descarries et al., 1986;Li et al., 2001;Nanopoulos et al.,
1982;Steinbusch et al., 1980).

Serotonergic cells of the raphe nuclei send efferent projections to many different parts of the
brain, including each of the REM sleep sign-generators in the brainstem (Bobillier et al.,
1976;Morrison and Foote, 1986;Parent et al., 1981;Pierce et al., 1976;Semba and Fibiger,
1992;Steinbusch, 1981;Steininger et al., 1992;Vertes, 1991;Vertes et al., 1999;Vertes and
Kocsis, 1994;Vertes and Martin, 1988). The projection of serotonergic cells to the REM sleep
sign-generators provides important anatomical evidence to our suggestion that the activity of
those serotonergic cells might modulate activity of neurons in the REM sleep sign-generators.
Allan Hobson (Hobson, 1999), along with Robert McCarley and Peter Wyzinski, recorded
brainstem cells in the cat that seemed to stop firing as soon as the animal entered REM sleep
(Hobson et al., 1975;McCarley and Hobson, 1975b). Further histological examination revealed
that those cells were located in the raphe nuclei. Almost at the same time, McGinty and Harper
(1976) published a paper describing single cell activity patterns of dorsal raphe nucleus neurons
in the cat across sleep-wake cycle. This publication described a group of neurons that had a
very slow but regular discharge rates during waking (2–6 spikes/sec), displayed progressively
lower firing rates as the animal moved from waking state to SWS, and ultimately stopped firing
during REM sleep. Since these cells stopped firing during REM sleep, they are often called as
REM-off cells. Presence of REM-off type of cells in the dorsal raphe nucleus was confirmed
by many other researchers (Datta, 1997;Lydic et al., 1983,1985;Trulson and Jacobs, 1979).
Neurons with the same REM-off discharge patterns have also been recorded in the nucleus
linearis centralis (Hobson et al., 1983), centralis superior (Rasmussen et al., 1984), raphe
magnus (Cespuglio et al., 1981;Fornal et al., 1985), and raphe pallidus (Sakai et al., 1983).
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Since putative serotonergic cells in the RN stop firing during REM sleep, and these cells project
to the individual REM sleep sign-generators, it could be suggested that serotonergic REM-off
neurons play a permissive, disinhibitory role in regard to the REM sleep sign-generators. It is
also possible that this REM-off cell discharge profile is simply an epiphenomenon. We will
discuss three other types of evidences to suggest that REM-off type discharge properties of
serotonergic neurons in the RN is not simply an epiphenomenon; rather it is an important
physiological step for the activation of cells in the REM sleep sign-generators to express
specific REM sleep signs. At the outset, we acknowledge that these evidences are based
primarily on the PGO/P-wave generator; but, also provided are some indications of similar
effects on other REM sleep sign-generators.

The first line of evidences show that pharmacological manipulations aimed at reducing the
availability of 5-HT in the brain promotes appearances of the PGO waves, while administration
of pharmacological agents which increase brain 5-HT suppresses PGO waves (Brooks and
Gershon, 1971,1977;Brooks et al., 1972a,1972b;Delorme et al., 1965;Quattrochi et al.,
1993). Thus, the activity of the PGO wave generator, one of the REM sleep sign-generators,
is negatively correlated with increased serotonergic neurotransmission. Second, a midline
lesion, destroying the raphe nuclei and parasaggital transections and interrupted the
connections between the raphe nuclei and the P-wave generator, produced a state-independent
increase in PGO wave discharge (Simon et al., 1973). Analogous to the results of knife cut
lesions (mentioned above), some success in increasing PGO wave frequency with localized
cooling of the RN has also been reported (Cespuglio et al., 1979). These findings support that
the serotonergic cells in the RN provide inhibitory control or gating of the PGO wave generator.
Indeed, a recent study has demonstrated that the activation of 5-HT receptors in the P-wave
generator blocks P-wave activities during REM sleep without altering the total amount of REM
sleep (Datta et al., 2003). Another pharmacological study has demonstrated that the suppression
of serotonergic cell activity within the RN induces state-independent theta rhythm (another
REM sleep sign) in the rat (Vertes and Kocsis, 1994). Some other experiments have shown
that the local application of a selective 5-HT1A receptor agonist, 8-hydroxy-2-(di-n-
propylamino)tetralin (8-OH-DPAT) into the dorsal raphe nucleus increases REM sleep in the
cat (Portas et al., 1996) and rat (Bjorvatn et al., 1997). Since the application of 8-OH-DPAT
suppresses serotonergic cell activity (Sprouse and Aghajanian, 1987), 8-OH-DPAT
microinjection-induced increases in different signs of REM sleep in the cat and rat (Bjorvatn
et al., 1997;Portas et al., 1996) indirectly suggest that the withdrawal of serotonergic tone
facilitates the activity of cells in the REM sleep sign-generators.

8.5.2. Noradrenergic cells in the LC—In the mammalian brain, most of the noradrenergic
cells are located in the LC. The LC noradrenergic cells send efferent projections to numerous
regions of the brain including the REM sleep sign-generators in the brainstem (Aston-Jones et
al., 1986;Berridge and Waterhouse, 2003;Dahlstrom and Fuxe, 1964;Descarries et al.,
1977;Foote et al., 1983;Jones and Yang, 1985;Lewis et al., 1987;McBride and Sutin,
1976;Morrison and Foote, 1986). As such, it is possible that the activation of these
noradrenergic cells could release norepinephrine in the REM sleep sign-generators to modulate
the activity of REM sleep sign generating neurons and, ultimately, the expression of REM
sleep signs. A number of single cell recording studies in the cat and rat have shown that most
of the neurons of the LC decrease their firing rate at sleep onset, nearly stop firing during the
transition between SWS and REM sleep and remain completely silent until 10-5 sec before the
beginning of wakefulness (Aston-Jones and Bloom, 1981a,1981b;Chu and Bloom, 1973;Chu
and Bloom, 1974;Datta, 1997;Foote et al., 1983;Jacobs, 1986). These single cell activity
patterns suggest that the reduction of norepinephrine release due to withdrawal of
noradrenergic cell activity could be an important step for the induction of REM sleep. The
significance of this cessation of noradrenergic cells activity, immediately before and during
REM sleep, was expanded by the demonstration that unilateral and bilateral cooling of the LC
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in the behaving cats induced a transitional stage between SWS and REM sleep within three
minutes and within four minutes total REM sleep was achieved (Cespuglio et al., 1982). This
study was significant because the localized cooling suppresses neuronal activity in the LC and
reduction of noradrenergic cell activity induced REM sleep. Thus, the results of this study
suggested a causal relationship between withdrawal of noradrenergic cells activity and
induction of REM sleep. Consistent to this interpretation, another study has demonstrated that
unilateral electrolytic lesions of LC increased REM sleep in the cat (Caballero and De Andres,
1986). These results and many other lesion studies, however, should be interpreted with care
because large and non-specific lesions in the brainstem often may not produce the desired
effects (Jones and Bickford, 1977). Since many of our vital functions are controlled by the
brainstem, complete elimination of any parts of the brainstem will obviously affect those vital
functions (Datta, 1995). Disruption of any vital function would also disrupt our sleep and, as
a result, it is difficult to study the function of any brainstem sites by completely knocking down
any structures of the brainstem. Indeed, during the last 15 years of research in the Datta
laboratory (reviewed in Datta, 1997,2006) have shown that the best way to study the functions
of the brainstem is to approach a structure unilaterally, rather than bilaterally, and to approach
the midline structures partially, rather than completely. Contrary to the brainstem, bilateral
approaches are more desirable than the unilateral approaches for the forebrain structures.

In summary, evidences discussed above suggest equivocally that to generate REM sleep,
serotonergic cells of the RN and noradrenergic cells of the LC stops their neuronal activities
causing decreased release of monoamines that ultimately leads to withdrawal of inhibitory tone
from the REM sleep sign generating neurons in the brainstem. The next obvious question is:
how these noradrenergic and serotonergic REM-off cells are inhibited?

8.6. Mechanisms for regulation of noradrenergic and serotonergic REM-off cell activity
Based on the evidences above, it is clear that the regulation of electrophysiological activities
of REM-off cells is critical for the modulation of REM sleep. Unlike REM-on cells, the
mechanisms for the regulation of REM-off cells activity are not as clearly defined. Given this,
we would like to discuss three possible mechanisms for the regulation of REM-off type of
activities: 1) GABAergic mechanism, 2) Pacemaker mechanism, and 3) withdrawal of
histaminergic and hypocretinergic excitatory tone.

8.6.1. GABAergic mechanism—To understand the mechanisms for the regulation of
REM-off cell activity during REM sleep, most of the research over the last ten years has been
focused on the GABAergic activation-mediated inhibition of REM-off cells. According to the
GABAergic hypothesis, the activity of REM-off cells during REM sleep is inhibited by
increased GABA release in the RN and LC. To support this hypothesis, Gervasoni et al.
(2000) provided anatomical evidence showing that the RN receives afferent projections from
GABAergic cells located in the lateral preoptic area (LPOA) and ventro-lateral periaqueductal
gray (vlPAG). In addition to these GABAergic afferent projections, there are evidences to
suggest that the RN itself contains GABAergic cells (Allers and Sharp, 2003;Aznar et al.,
2004;Li et al., 2001;Morgane et al., 2005;Nagai et al., 1983;Nanopoulos et al., 1982;Steinbusch
et al., 1980;Varga et al., 2001). Anatomical studies have shown that another REM-off site, the
LC, also receives GABAergic afferent projections from the GABAergic cells located in the
dorsomedial rostral medulla (Ennis and Aston-Jones, 1989;Mugnaini and Oertel, 1985). It has
also been reported that some of the LC cells are GABAergic (Ford et al., 1995;Iijima and
Ohtomo, 1988). In addition to the presence GABAergic cells and GABAergic afferent inputs,
RN and LC also contain GABA receptors (Gao et al., 1993;Luque et al., 1994). Thus,
collectively the results of these anatomical studies provided evidence to suggest that in the RN
and LC REM-off cells have access to endogenously released GABA that can act on REM-off
cells.
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Microdialysis studies have demonstrated that the level spontaneously released GABA in the
LC and RN is maximum during REM sleep and minimum during wakefulness (Nitz and Siegel,
1997b;Nitz and Siegel, 1997a). These studies have also indicated that the GABA release during
SWS was slightly higher than during wakefulness. It has also been reported that the
microiontophoretic application of bicuculline, a GABA-A receptor specific antagonist, on
REM-off neurons in the RN and LC could restore tonic firing of those REM-off neurons during
SWS and REM sleep in the head-restrained rat (Gervasoni et al., 1998;Gervasoni et al.,
2000). The results of these microdialysis and microinontophoretic studies suggest a possibility
that during SWS and REM sleep, REM-off cells are actively inhibited by the GABAergic
influence. This possibility could also be supported by the results presented in some recent single
cell recording studies that have shown the local GABAergic cells in the dorsal raphe nucleus
increase firing rate during REM sleep and hippocampal EEG sign of REM sleep (Kocsis and
Vertes, 1992;Li et al., 2005;Urbain et al., 2006). Collectively, old and recent single cell
recording studies show that during REM sleep, serotonergic and GABAergic cells in the dorsal
raphe nucleus discharge reciprocally. This reciprocal neuronal activity between serotonergic
and GABAergic cells indicate that the serotonergic REM-off cell activity may also be regulated
through a circuit with local GABAergic cells. Indeed, the structural and functional existence
of this local circuit could also be supported by the evidences that in the dorsal raphe GABA-
A and GABA-B receptors containing serotonergic cells receive synaptic inputs from the local
GABAergic cells (Boothman and Sharp, 2005;Gao et al., 1993;Liu et al., 2000;Rodriguez-
Pallares et al., 2001;Wang et al., 1992;Wirtshafter and Sheppard, 2001).

8.6.2. Pacemaker mechanism—Noradrenergic cells in the LC are equipped with
pacemaker activity which is regulated by the cAMP-dependent PKA activity (Alreja and
Aghajanian, 1991,1993,1995). It is also suggested that the activity of dorsal raphe serotonergic
cells are directly regulated by the pacemaker activity of LC noradrenergic cells. Since, during
REM sleep, GABA release increases in the LC (Nitz and Siegel, 1997b) and the activation of
GABA-B receptors may suppress cAMP-dependent PKA activity by inhibiting adenylyl
cyclase (Datta and Prutzman, 2005;Gilman, 1987;Marinissen and Gutkind, 2001), it is possible
that the activity of dorsal raphe nucleus REM-off cells are turned-off by the withdrawal of
pacemaker type inputs from the LC during REM sleep. The regulation of activity of dorsal
raphe nucleus REM-off cells by the activity of LC noradrenergic cells was also demonstrated
in the cat by Sakai and Crochet (2000). Using combination of single cell recordings and
microdialysis technique, Sakai and Crochet (2000) demonstrated that the application of
phenylepinephrine, an alpha-1 noradrenergic receptor specific agonist, completely blocked the
cessation of REM sleep discharge in a subpopulation of DRN REM-off neurons. This study
also demonstrated that the application of prazosin, an alpha-1 noradrenergic receptor specific
antagonist, suppressed spontaneous discharge of DRN REM-off neurons. Based on this
observation, Sakai and Crochet (2000) concluded that the suppression of REM-off neuronal
discharge was, in part, by the disfacilitation of excitatory noradrenergic projections to the DRN.

8.6.3. Withdrawal of histaminergic and hypocretinergic excitatory tone—The
third possible mechanism for the regulation of REM-off type of activity patterns of LC
noradrenergic and RN serotonergic cells might be due to the withdrawal of histaminergic and
hypocretinergic excitatory tone. In support of this possibility, anatomical studies have shown
that LC and RN receive afferent projections from the histamine synthesizing cells in the PH
(Inagaki et al., 1988;Panula et al., 1989) and hypocretin synthesizing cells in the LH (Chemelli
et al., 1999;Date et al., 1999;de Lecea et al., 1998;Nambu et al., 1999;Peyron et al.,
1998;Sakurai et al., 1998;Taheri et al., 1999). Single cell recording studies have shown that
cells in the PH (Ko et al., 2003;Sakai et al., 1990;Steininger et al., 1999;Vanni-Mercier et al.,
1984) and LH (Alam et al., 2002;Koyama et al., 2002;Lee, 2005;Lee et al., 2005;Methippara
et al., 2003) exhibit relatively less neuronal activity during REM sleep compared to
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wakefulness. Thus, it is likely that the availability of histamine and hypocretin in the LC and
RN decreases progressively while transitioning from SWS to REM sleep. It has also been
demonstrated that hypocretin receptors are present in the RN and LC and application of
hypocretin results in excitation of cells in the LC and DRN (Bourgin et al., 2000;Brown et al.,
2001b;Brown et al., 2002;Hagan et al., 1999;Horvath et al., 1999). More interestingly, it has
been demonstrated that the application of histamine blocks the cessation of discharge of
suspected serotonergic DRN REM-off cells during REM sleep (Sakai and Crochet, 2000). On
the contrary, application of mepyramine, a specific H1 histamine receptor antagonist,
suppresses spontaneous discharges during quiet wake and SWS. These results support
hypothesis that the cessation of neuronal activity of REM-off cells during REM sleep may be
due to the withdrawal of histaminergic and orexinergic excitatory tone.

8.6.4. Presumed REM-off cells in the ventrolateral periaqueductal gray (vlPAG)
and lateral pontine tegmentum (LPT)—Based on the suggestion that periaqueductal gray
(PAG) as a possible source of the GABAergic input to REM-off cells in the dorsal raphe nucleus
(Gervasoni et al., 2000) and Cliff Saper’s hypothalamic flip-flop switch model for the sleep
cycle control (Saper et al., 2001;Saper et al., 2005), Lu et al. (2006) suggested that REM-off
cells are located in the ventrolateral part of the PAG (vlPAG) and lateral pontine tegmentum
(LPT). Involvement of vlPAG in the regulation of REM sleep was also suggested in two other
studies that have shown both vlPAG lesions (Petitjean et al., 1975) and microinjection of
muscimol into the vlPAG (Sastre et al., 1996) increases REM sleep in the cat. The direct
methods that could identify REM-off cells in the brain, however, do not support the suggestion
that a population of REM-off cells is located in the vlPAG and/or LPT. For example, single
cell activity patterns of vlPAG cells in the freely moving cats do not show any REM-off type
of activity (Thakkar et al., 2002). While recording brainstem REM-on and REM-off cells in
the behaving cats and freely moving rats (Datta, 1995;Datta and Siwek, 2002;Steriade et al.,
1990b;Steriade et al., 1990a; Unpublished observations of Datta Laboratory), we rarely
encountered REM-on or REM-off types of cells in the LPT area. Likewise, in the vlPAG, a
very small amount of REM-off type cells were encountered in the cat and none were identified
in the rat. Those REM-off cells were then suspected to be serotonergic cells, displaced from
the dorsal raphe nucleus. In general, the activity of cells in the vlPAG and LPT are state-
independent. One exception is in the junction between vlPAG and LPT, where some cells
discharge randomly as single spike (3–6 spikes) while the animals were scratching and/or
grooming during wakefulness. Otherwise, these cells remain silent during wakefulness, SWS,
or REM sleep. Thus, it is unlikely that a significant number of REM-of cells are located in the
vlPAG and/or LPT. Since, the PAG is already known for its involvement in the regulation of
pain (Fardin et al., 1984;Gray and Dostrovsky, 1983;Mason, 2005;Reynolds, 1969) and PAG
neurons interact with the dorsal raphe nucleus for the regulation of pain (Auerbach et al.,
1985;Dostrovsky et al., 1983;Mason, 2001), it is not surprising that a vlPAG lesion and
microinjection of muscimol into the vlPAG could change in the total amount of time spent in
REM sleep (Petitjean et al., 1975;Sastre et al., 1996). Based on these evidences, there is no
valid reason to entertain the notion that the vlPAG and LPT contain REM-off type cells and/
or that these cells are involved in the modulation of REM sleep sign-generators.

9. Summary
Critical and speculative analyses of sleep behavior date back to the beginning of recorded
history. Multiple philosophers, authors and poets from an array of cultures have examined sleep
in an attempt to discover its underlying purpose. Scientific research over the past fifty years,
however, has yielded important results that have significantly contributed to our larger
understanding of sleep regulation and function. The pioneering efforts of early researchers such
as Kleitman, Aserinsky, Dement, Jouvet, Hobson, McCarley and many others have laid the
foundation for current sleep studies. Building upon their novel studies, combined with the
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advent of constantly improving research techniques, sleep research has expanded into a
prominent field that has important benefits and applications in the general and scientific
community.

Wakefulness and wake-associated behaviors are accompanied by heightened global neuronal
activity and increased activity of the wake-promoting regions in the brain. Throughout this
period of arousal, specific metabolites slowly accumulate in various regions of the brain. The
accumulation of these metabolites to a critical level is a cornerstone of the metabolic
homeostatic theory and the immediate predecessor to the passive initiation of sleep. At the
initation of sleep, a decrease global neuronal activity concomitant with a decrease in metabolite
production is associated with the generation of SWS. The induction of SWS is simply generated
by the activity of GABAergic cells in the POA, which are facilitated by the increased synthesis
of GHRH. During this sleep stage, bursting activity of GABAergic neurons in the thalamus
abolishes transmission of incoming signals to the cortex. Active maintenance of SWS is
dependent on increased GABA release that continuously suppresses activity in the various
wake-promoting regions of the brain.

The generation and maintenance of REM sleep involves a complex system of neuronal
connections that form the basis for the CMN model of REM sleep regulation. According to the
CMN model, distinct cell groups within the brainstem are responsible for the expression of
individual events that characterize REM sleep (e.g. P-wave, cortical activation, muscle atonia).
The turn-on, turn-off conditions for the executive neurons unique to each cell group is regulated
by the ratios of available aminergic and cholinergic neurotransmitters. Accordingly, the
expression of REM sleep signs is a result of a significant reduction in aminergic tone and a
comparatively high level of cholinergic tone within each individual REM sleep sign-generator.
The induction of REM sleep is facilitated by two types of cholinergic cells located in the PPT
and LDT. REM-on cells increase firing rate during the transition periods from wakefulness to
SWS and then to REM sleep. The second group of neurons, Wake-REM-on cells, increases
firing activity during both wakefulness and REM sleep. Activation of low-threshold, kainate-
type glutamate receptors on the PPT generates REM sleep episodes by increasing the activity
level in the cholinergic cell compartment of the PPT. Recent research has indicated that the
generation of REM sleep also involves the cAMP-PKA signal transduction pathway.
Activation of kainate receptors increases cytoplasmic free calcium concentration which
activates AC; thus stimulating the production of cAMP and activation of PKA. As a result, it
is possible that the activation of kainate receptors in the PPT induce REM sleep via the
activation of the cAMP-PKA signaling pathway. Anatomical projections from the PPT then
supply the cholinergic tone to each of the REM sleep sign-generators for the expression of each
REM sleep sign. Endogenously released acetylcholine from the PPT also activates
glutamatergic cells in the mPRF. These activated mPRF cells subsequently release glutamate
in the cholingeric compartment of the PPT, causing the continued release of acetylcholine into
the mPRF and REM sleep sign generators. Therefore, once REM sleep is initiated by the kainate
receptor activation-mediated excitation of PPT cholinergic cells, REM sleep episodes are
maintained via a mutually excitatory positive feedback loop between the PPT cholinergic and
the mPRF glutamatergic cells.

The continuance of research regarding the mechanisms of sleep regulation is imperative to
elucidating the importance of functional sleep. Studies that seek to expand our 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 mammals generate and
maintain normal sleep.
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Figure 1.
Typical polygraphic appearance of wakefulness (left column), slow-wave sleep (middle
column), and REM sleep (right column) in the adult mouse, rat, cat, and human, showing
similarities in behavioral state-specific physiological signs across species. During wakefulness,
cortical electroencephalogram (EEG) presents low amplitude, high frequency waves (sign of
activated cortex) and electromyogram (EMG) shows presence of muscles tone in the
antigravity muscles. During slow-wave sleep (SWS, part of NREM sleep), low amplitude, high
frequency EEG waves are replaced with high amplitude, low frequency waves and muscle tone
is still present (EMG), but slightly reduced compared to wakefulness. During REM sleep,
cortical EEG is as activated (low amplitude, high frequency waves) as during wakefulness, but
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the EMG shows marked reduction or absence of muscle tone (atonia). During REM sleep,
electrooculogram (EOG) records the presence of rapid eye movements. Due to its smaller size,
the EOG recodings are normally not utilized to identify the sleep-wake states in the mouse.
Two additional physiological signs of REM sleep are the rhythmic theta-wave activity (Theta)
in the hippocampal EEG (HPC, shown only in the recordings of rat) and the phasic pontine-
wave (P-wave)/Ponto-geniculo-occipital wave (PGO-wave). Occasionally, hippocampal theta
wave is also present during wakefulness, but theta wave epochs are short lasting and are not
as rhythmic as during REM sleep. Theta wave is completely absent during the period of SWS.
The P-wave is represented by spiky waves shown in the rat pontine EEG (PON) and are the
physiological equivalent to PGO-waves (LGB) shown only in the cat. Normally, P/PGO-waves
are absent during wakefulness and SWS. Time bar (for all species and all states) = 5 sec.
Polygraphic recordings of mouse, rat and cat are from Datta Laboratory. Human records are
kindly provided by Dr. E. F. Pace-Schott.
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Figure 2.
Schematics of the sagittal view of human brain depicting the location of brain regions and their
neurotransmitters, as well as pathways that are involved in the generation and maintenance of
wakefulness. Ascending projections originating from the brainstem cholinergic cells
(synthesize neurotransmitter acetylcholine, Ach) in the pedunculopontine tegmentum (PPT)
travel dorsally to the thalamus to activate thalamo-cortical network. Projections from PPT
cholinergic cells also travel ventrally to the basal forebrain (BF, to both cholinergic and
GABAergic cells) to relay activating signals to the cortex. Ascending brainstem aminergic
projections originating from the noradrenergic cells (synthesize neurotransmitter
norepinephrine, NE) in the locus coeruleus (LC) and from the serotonergic cells (synthesize
neurotransmitter serotonin, 5-HT) in the raphe nucleus (RN) travel both dorsally to the
thalamus to activate thalamo-cortical network and ventrally to the hypothalamus and basal
forebrain to activate hypothalamo-cortical and basalo-cortical networks. Projections from these
aminergic cell groups also travel directly to the cortex. Projections from the brainstem
glutamatergic cells (synthesize neurotransmitter glutamate, Glut) in the mesencephalic
reticular formation (MRF) travel dorsally to the thalamus to activate thalamo-cortical and
ventrally to the hypothalamus to activate hypothalamo-cortical network. Projections from the
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dopaminergic cells (synthesize neurotransmitter dopamine, DA) in the ventral tegmental area
(VTA) and substantia nigra compacta (SNc) also travel to the thalamus, hypothalamus, and
basal forebrain to activate thalamo-cortical, hypothalamo-cortical, and basalo-cortical
network. The projections from these dopaminergic cells also travel directly to the cortex.
Histaminergic cells (synthesize neurotransmitter histamine, HA) in the posterior hypothalamic
tuberomammillary nucleus (PH-TMN) and cholinergic cells (Ach) in the basal forebrain (BF)
project directly to the cortex. Activation of cells in the suprachiasmatic nucleus (SCN; both
glutamatergic and neuropeptide-Y cells), lateral hypothalamus (LH-Hcrt; hypocretinergic/
orexinergic cells synthesize hypocretin/orexin), and medial prefrontal cortex (mPFC;
glutamatergic cells) could also directly activate the entire cortex. Activation of these brain
regions both directly and/or indirectly through the thalamo-cortical, hypothalamo-cortical, and/
or basalo-cortical ascending pathways causes activation of cortex as well as global activation
of the brain to promote and maintain behavioral states of wakefulness. Although, at this time,
we understand very little about different states of wakefulness, it is likely that those various
states of wakefulness are the result of differential activation of specific wake-promoting regions
in the brain. The synthesis and accumulation of brain metabolites (shown as Metabolites (+),
green) are directly proportional to the intensity and duration of activation of those wake-
promoting areas and global activation of the brain.
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Figure 3.
Metabolite Homeostatic model of physiological mechanisms for the initiation of sleep.
Throughout wakefulness metabolites accumulate in the brain as a result of increased neuronal
activity in wake-promoting structures and increased global neuronal activity. When these
metabolites accumulate to a critically high level the brain responds by decreasing neuronal
activities in the wake-promoting regions and ultimately global neuronal activities. This
decreased neuronal activity causes withdrawal of wakefulness that ultimately initiates
consolidated sleep (green). Thus, the initiation of sleep is a passive process caused by the
withdrawal of wakefulness. Conversely, during consolidated sleep, metabolites reach a
critically low level which results in a disinhibition of neuronal activity in the wake-promoting
regions of the brain (red). This disinhibition is the direct predecessor to the increased neuronal
activity in the wake-promoting regions of the brain and behavioral states of wakefulness.
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Figure 4.
The schematic of human brain depicting regions that are involved in the generation and
maintenance slow-wave sleep (SWS). Following initiation of sleep, suppressed neuronal
activity in the wake-promoting regions of the brain allow for the activation of γ-aminobutyric
acid (GABA) and Galanin (Gal) synthesizing cells in the anterior hypothalamus/preoptic area
(AH/POA). Increased activity of GABA and Galanin synthesizing cells in the AH/POA (red)
ultimately generates slow wave sleep (SWS). Those GABA and Galanin synthesizing cells
innervate the major wake-promoting cell groups of the brain including: histaminergic cells
(HA) in the tuberomammilary nucleus (PH-TMN), hypocretin/orexinergic cells (Hcrt) in the
lateral hypothalamus (LH), noradrenergic cells (NE) in the locus coeruleus (LC), serotonergic
cells (5-HT) in the raphe nucleus (RN) and cholinergic cells (Ach) in the pedunculopontine
tegmentum (PPT). The continued inhibition of these wake-promoting structures, via GABA
and Galanin release, maintains episodes of SWS. Due to increased GABA and Galanin release,
neuronal activity remains suppressed in other wake-promoting regions including: the medial
prefrontal cortex (mPFC), suprachiasmatic nucleus (SCN), basal forebrain (BF), ventral
tegmental area (VTA)/substantis nigra compacta (SNc) and medial reticular formation (MRF).
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In addition to AH/POA GABA and Galanin synthesizing cells, increased activity of
GABAergic cells in layers I and II of the cortex and cells in the solitary nucleus also contribute
to the maintenance of SWS.
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Figure 5.
Cellular-Molecular-Network model of physiological mechanisms for the generation of REM
sleep. Each of the individual signs of REM sleep (right column, polygraphic signs) is executed
by the increased activation of distinct cell groups in the brainstem (red-colored oval shapes).
For example, cortical EEG activation sign of REM sleep is executed jointly by the activation
of neurons in the mesencephalic reticular formation (MRF) and rostrally-projecting bulbar
reticular formation (medullary magnocellular nucleus, MN), muscle atonia is executed by the
neurons in the locus coeruleus alpha (LCα), rapid eye movements is executed by the neurons
in the peri-abducens reticular formation (PAb), PGO/P-waves are executed by the neurons in
the caudo-lateral peribrachial area (C-PBL) of predator mammals and in the dorsal part of the
nucleus subcoeruleus (Sub C) of prey mammals, hippocampal theta rhythm is executed by the
neurons in the pontis oralis (PO) and increased brain temperature and cardio-respiratory
fluctuations are executed by the neurons in the parabrachial nucleus (PBN). These REM sleep
sign generating executive neurons are excited by the increased release of cholinergic
neurotransmitter while the releases of aminergic neurotransmitter are reduced and/or absent.
The sources of the cholinergic neurotransmitter (red) are the cholinergic neurons in the
pedunculopontine tegmentum (PPT) and lateral dorsal tegmentum (LDT). The sources of the
aminergic neurotransmitters (blue) are the noradrenergic neurons in the locus coeruleus (LC)
and serotonergic neurons in the raphe nucleus (RN). For the initiation of REM sleep, kainate
receptors on the cholinergic cells are activated by the increased release of glutamate (yellow)
that ultimately activates cholinergic cells and increase release of acetylcholine in each of the
REM sleep sign-generators and in the cholinoceptive REM sleep inducing site in the medial
pontine reticular formation (mPRF). While, PPT/LDT cholinergic cells are activated, local
GABAergic cells (green) in the LC and RN are also activated. Activation of these local
GABAergic cells actively inhibits aminergic cells in the LC and RN. Active inhibition of those
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aminergic cells reduces and/or stops releasing aminergic neurotransmitters to those REM sleep
sign-generators. For the maintenance of REM sleep episodes, increased acetylcholine release
in the mPRF activates glutamatergic cells that continue to release glutamate in the PPT/LDT
to maintain activity of cholinergic cells. Thus, PPT/LDT cholinergic cells and mPRF
glutamatergic cells create a positive feedback loop to maintain REM sleep. Activation of mPRF
glutamatergic cells also releases glutamate in the LC and RN. This glutamate could also activate
both aminergic cells and local GABAergic cells in the LC and RN. Activation of GABAergic
cells intensifies their inhibitory response to those aminergic cells. But, the possibility of mPRF
glutamate activating these aminergic cells is eliminated by the increased release of GABA in
the LC and RN and also auto-inhibition.
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Figure 6.
Molecular mechanisms of the Cellular-Molecular-Network model based on recent findings.
REM-on and Wake-REM-on cells in the cholinergic cell compartment of the PPT contain both
glutamate and γ-aminobutyric acid (GABA) receptors. When endogenously released or
exongenously applied glutamate binds to a kainate receptor, intracellular Ca2+ increases
through activation of ion channels. Kainate receptor activation-mediated increase in
intracellular Ca2+ activated adenylate cyclase (AC). Activation of AC increases synthesis of
cAMP, increasing the amount of substrate available to activate protein kainase A (PKA). The
phosphorylation of intracellular proteins by PKA elicits the physiological response (REM
sleep) via numerous possible intermediate processes (some of which are shown boxed).
Similarly, endogenously released or exongenously applied GABA binds to the GABA-B
receptor. Activation of GABA-B receptor inhibits AC via G proteins (Gi/GO). The GABA-B
receptor mediated inhibition of AC blocks the production of cAMP, limiting the amount of
substrate available to activate PKA. By reducing the production of cAMP/PKA, the GABA-
B receptor in the PPT cell inhibits REM sleep.
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Figure 7.
Cellular-Molecular-Network model of cholinergic and aminergic activity for the expression
of physiological REM sleep. For the activation of an individual REM sleep sign generator, an
increase in acetylcholine (Ach) is accompanied by a decrease in norepinephrine (NE) and
serotonin (5-HT) within each generator. An increase in Ach (red) is the result of increased
glutamate release in the pedunculopontine tegmentum (PPT) and the lateral dorsal tegmentum
(LDT). This increased glutamate activates kainate receptors on the PPT/LDT and signals the
release of Ach. The increased Ach in the sleep sign generators also activate medial pontine
reticular formation (mPRF) cells that release glutamate (green) to the PPT/LDT and facilitate
the continued release of Ach during REM sleep (maintenance of REM sleep episode). A
decrease in NE and 5-HT (blue) is the result of increased γ-aminobutyric acid (GABA) release
in the locus coeruleus (LC) and raphe nucleus (RN), respectively. The increased GABA reduces
the presence of NE and 5-HT by inhibiting the cellular activity of the LC and RN. The
combination of decreased NE and 5-HT and increased Ach in each individual REM sleep sign
generator ultimately generates the expression of physiological REM sleep.
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