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HISTORICAL BACKGROUND

Over the course of the 20th century, concepts evolved as evidence accumulated concerning
the existence and delineation of intrinsic neural systems controlling waking and sleeping.
Waking was once thought to be maintained by sensory inputs and sleep to result from the
cessation of sensory inputs to the brain (Bremer, 1929; Kleitman, 1939). Yet, from variable
alterations of waking and sleeping that occurred with cerebral lesions clinically in humans or
experimentally in animals, both waking and sleeping were found to be generated actively by
intrinsic neural systems. Based upon analyses of human brains following death from
encephalitis lethargica, von Economo (1930) was among the first to propose that waking and
sleeping systems were localized in different regions of the forebrain since hypersomnolence
was associated with lesions of the posterior hypothalamus whereas insomnia was associated
with lesions of the anterior hypothalamus and preoptic area (Figure 9.1). Moruzzi and
Magoun (1949) went on to show that the brainstem reticular formation together with the
posterior hypothalamus were both necessary and sufficient for the maintenance of a waking
state (Figure 9.1).

Cortical activation and deactivation

In the early studies, it was established that lesions in the rostral pontine and mesencephalic
reticular formation, extending into the posterior hypothalamus, resulted in a loss of fast
electroencephalographic (EEG) activity typical of cortical activation of the wake state
(Lindsley et al., 1950). In contrast, lesions of the ascending sensory pathways or even
complete sensory deafferentation did not diminish the amount of cortical activation (Vital-
Durand and Michel, 1969). The absence of waking signs in the experimental animals was
similar to that in humans diagnosed as comatose and found to have lesions of the rostral
brainstem and posterior diencephalon (Plum and Posner, 1980).

Electrical stimulation of the brainstem reticular formation in an anesthetized animal evoked
cortical activation which was conducted along two major pathways into the forebrain to
reach the cortex (Starzl et al., 1951) (Figure 9.1). The first route was into the thalamus from
where impulses were in turn conveyed in a relatively wide-spread manner to the cerebral
cortex, particularly the frontal regions. The second route was ventral to the thalamus
extending through the hypothalamus up to the basal forebrain from where impulses were
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also conveyed in a widespread manner to the cortex. This ventral extrathalamic route was
found to be sufficient, since cortical activation could still be attained following total ablation
of the thalamus.

Neuroanatomical studies revealed that the neurons within the netlike, or reticular, core of the
brainstem were characterized by long radiating dendrites which received collateral inputs
from multiple sensory modalities and by long branching axons which ascended from the
rostral brainstem into the thalamus and/or into the hypothalamus and up to the basal
forebrain (Nauta and Kuypers, 1958; Scheibel and Scheibel, 1958). The ascending reticular
activating system thus had the capacity to respond to multiple sensory inputs and to transmit
in turn impulses to widely distributed areas of the cortex, through neurons in the diffuse
thalamocortical projection system and a basalocortical projection system.

Electrical stimulation of the thalamus could elicit widespread cortical activation. However,
the effect of the stimulation depended upon its frequency. Whereas high-frequency
stimulation elicited fast cortical activity, low-frequency stimulation recruited spindle-like or
slow wave-like activity on the cerebral cortex, which resembled the EEG activity of sleep
(Akert et al., 1952). Similarly, stimulation in the preoptic area and basal forebrain could
activate the cortex, yet depending upon the precise location and frequency, could also elicit
slow-wave activity and a state of sleep (Hess, 1957; Sterman and Clemente, 19623, b). It
thus appeared that, within the same regions of the forebrain, different patterns of discharge
by the same or different neurons could stimulate either cortical activation and waking or
cortical slow-wave activity and sleeping.

Behavioral arousal and quiescence

Neurons of the reticular formation were also seen to send descending projections into the
spinal cord (Scheibel and Scheibel, 1958) (Figure 9.1). As evident from electrical
stimulation, reticulospinal neurons could stimulate movement and enhance postural muscle
tone, recorded on the electromyogram (EMG), as typical of behavioral arousal (Sprague and
Chambers, 1954). Yet, depending upon the condition of the animal, such stimulation in the
medulla could also inhibit muscle tone, reflexes, and movement (Magoun and Rhines,
1946). Thus presumably different neurons in the brainstem evoked behavioral arousal with
postural muscle tone or behavioral quiescence with muscle atonia.

THE RETICULAR ACTIVATING SYSTEM

Forebrain projecting reticular neurons

The neurons of the reticular formation with ascending projections are concentrated in the
oral pontine and mesencephalic reticular formation, although they are present in smaller
numbers in the caudal pontine and medullary reticular formation (Jones and Yang, 1985).
They project rostrally to the midline and intralaminar thalamic nuclei which form the
nonspecific thalamocortical projection system that project in turn in a widespread manner to
the cerebral cortex (Figure 9.1). The reticular neurons also project through the hypothalamus
up to the level of the basal forebrain. In the mesencephalon, they discharge at their highest
rate in association with fast cortical activity that occurs during both wakefulness and rapid
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eye movement (REM) sleep (Steriade et al., 1982). Considerable evidence indicates that
neurons of the ascending reticular activating system utilize the neurotransmitter glutamate
(Glu) and thus excite through multiple Glu receptors (a-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate (AMPA), kainate, A-methyl-D-aspartic acid (NMDA) or metabotropic)
their target neurons in the thalamus, hypothalamus, and/or basal forebrain (Kaneko et al.,
1989, 2002; McCormick, 1992; Jones, 1995).

There are also a small number of GABAergic neurons distributed through the reticular
formation which would have the capacity to inhibit other neurons in the region (Figure 9.1).
These could correspond to a small number of neurons which actually increase their rate of
firing during sleep (Steriade et al., 1982). In studies using c-Fos expression as a reflection of
neural activity, a number of GABAergic neurons in the reticular formation did appear to be
active during sleep (Maloney et al., 1999, 2000).

Spinal projecting reticular neurons

Neurons through the reticular formation project to the spinal cord, though in greatest
numbers from the caudal pontine and medullary fields, and terminate variably in the dorsal
horn, intermediate zone or ventral horn (Jones and Yang, 1985). The vast majority of pontine
and medullary reticular neurons discharge at their highest rate during waking in association
with movements (Siegel et al., 1977, 1979). They decrease or cease firing with slow-wave
sleep (SWS). Many fire in association with phasic activity during REM sleep. Considerable
evidence indicates that the large, thus presumably reticulospinal neurons of the pontine and
medullary reticular formation utilize the neurotransmitter Glu (Kaneko et al., 1989, 2002;
Jones, 1995) (Figure 9.1).

A large number of smaller neurons through the reticular formation and a small number of
spinally projecting medium-sized neurons in the medullary reticular formation synthesize
gamma-aminobutyric acid (GABA) (Jones et al., 1991). In addition, these or other medium-
sized reticulospinal neurons utilize the inhibitory neurotransmitter glycine (Fort et al., 1993).
Such GABAergic or glycinergic reticular or reticulospinal neurons could exert an inhibitory
influence upon other excitatory reticulospinal neurons or brainstem and spinal motor
neurons (Holstege and Bongers, 1991). They could represent the small percentage of
reticular neurons that increase their discharge rate with quiet waking and sleep, relative to
active waking and discharge maximally with muscle atonia during REM sleep (Sakai et al.,
1981). They could also correspond to the small number of medullary reticular neurons that
discharge in association with loss of muscle tone which occurs in narcolepsy with cataplexy
(Siegel et al., 1991). Indeed, many medullary reticular neurons which are GABAergic
express c-Fos with REM sleep, as evident during rebound following deprivation (Maloney et
al., 1999, 2000). In any event, both excitatory and inhibitory reticulospinal neurons can
influence movement and muscle tone such as to stimulate behavioral arousal or reciprocally
promote behavioral quiescence and different states (Figure 9.1).

The cholinergic pontomesencephalic neurons

Neurons which utilize acetylcholine (ACh) as a neurotransmitter were proposed to form a
major contingent of the reticular formation based upon histochemical staining for its
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catabolic enzyme, acetylcholinesterase (AChE), by Shute and Lewis (1967) (Figure 9.1).
The cholinergic contingent of the activating system was considered by Shute & Lewis to be
preeminent, thus leading them to designate the entire system as the “cholinergic reticular
activating system.” With application of immunohistochemical staining for the synthetic
enzyme choline acetyltransferase (ChAT), the cholinergic neurons were later found to be
more limited in their distribution and localized to two major cell groups in the brainstem, the
laterodorsal tegmental nucleus and pedunculopontine tegmental nucleus (Mesulam et al.,
1983b). Like other neurons of the reticular formation, nonetheless, these cholinergic neurons
project forward into the forebrain. They project prominently to the thalamus, including most
densely to themedial and lateral geniculate nuclei and the midline and intralaminar nuclei.
They can thus excite both specific and non-specific thalamocortical projection systems.
Acting through both nicotinic and muscarinic receptors, indeed, ACh depolarizes and excites
the thalamic projection neurons and evokes tonic firing by them to stimulate thalamocortical
activation and prevent slow-wave activity (McCormick, 1992). The pontomesencephalic
cholinergic neurons also project through the extrathalamic ventral ascending pathway into
the posterior hypothalamus where they influence wake-promoting neurons (see below) and
to a lesser degree up to the basal forebrain (Jones and Cuello, 1989; Ford et al., 1995).

Although cholinergic neurons have not yet been unequivocally identified in the
pontomesencephalic tegmentum in recording studies, neurons considered to be “possibly”
cholinergic were recorded in the region of those cells in the cat and shown to discharge in
association with cortical activation during both wake (W) and REM sleep (W/REM) (ElI
Mansari et al., 1989) (Figure 9.1). In addition, however, some “possibly” cholinergic
neurons were found to discharge only during REM sleep and in association with the muscle
atonia of that state (EI Mansari et al., 1989; Kayama et al., 1992). It is thus possible that
particular cholinergic neurons, which project to the pontomedullary reticular formation
(Mitani et al., 1988; Jones, 1990; Semba et al., 1990), might generate REM sleep with
muscle atonia. Injection of the cholinergic agonist, carbachol, into the pontomesencephalic
tegmentum induces cortical activation with muscle atonia and other signs of REM sleep
(George et al., 1964; Baghdoyan et al., 1984). Such action might be possible through
different effects of ACh upon different neurons mediated by muscarinic type 1 (M1) and 2
(M2) receptors. ACh could inhibit (through M2 receptors) glutamatergic reticular neurons
involved in facilitating activity and muscle tonus and excite (through M1 receptors)
particular GABAergic neurons involved in inhibiting activity and muscle tone (Figure 9.1).

FOREBRAIN RELAYS OF THE ACTIVATING SYSTEM

The nonspecific thalamocortical projection system

The midline and intralaminar nuclei of the thalamus, unlike the sensory and motor relay
nuclei, project to multiple regions of the cerebral cortex in a thus nonspecific manner, often
in highest density to frontal regions, though for some nuclei in a truly diffuse manner in high
density to all regions (Herkenham, 1986) (Figure 9.1). They discharge at their highest rate in
association with cortical activation during waking and REM sleep. Their discharge is
generally tonic and relatively fast during these states (Glenn and Steriade, 1982). Indeed,
they can attain frequencies in the gamma range (~40 Hz) in association with similar gamma
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EEG activity, which they may accordingly stimulate (Steriade et al., 1993a). They utilize
Glu as a neurotransmitter, as proven recently by their content of vesicular Glu transporter 2
(VGIuT2) (Fremeau et al., 2001; Kaneko et al., 2002; Hur and Zaborszky, 2005).

Like other thalamocortical projection neurons, those of the midline and intralaminar nuclei
change both their rate and mode of discharge during SWS (Steriade et al., 1993a). Due to
intrinsic properties, all thalamic projection neurons have two modes of firing, tonic and
bursting, the latter mediated by a calcium low-threshold spike (LTS), which is activated
when the neurons are hyperpolarized (Steriade and Llinas, 1988). This hyperpolarization
occurs when the thalamic neurons are released from excitatory influences from the
brainstem-activating systems. Moreover, the reticular thalamic neurons which surround and
innervate the thalamic relay neurons begin first to discharge in bursts when removed from
this depolarizing influence. The reticular thalamic neurons utilize GABA as a
neurotransmitter and thereby further hyperpolarize the thalamocortical projection neurons in
an active and punctual manner. They accordingly entrain the projection neurons in rhythmic
bursting, which occurs first at a spindle frequency (12-14 Hz) and then at a delta frequency
(1-4 Hz), as well as a slower oscillation (0.1-1 Hz). These patterns of SWS are thus
transmitted through thalamo-cortico-thalamic loops as a product of the intrinsic properties of
the neurons within those circuits (Steriade et al., 1993b). During these slow patterns,
thalamocortical transmission of sensory inputs is virtually blocked and consciousness is lost.

The basalocortical projection system

First identified by immunohistochemical staining for AChE, the innervation of the cerebral
cortex by cholinergic fibers from the basal forebrain was originally proposed by Shute and
Lewis (1967) to represent the important relay of the brain reticular activating system to the
cerebral cortex within the “cholinergic reticular activating system” (Figure 9.1). Moreover, a
potent excitatory effect of ACh upon cortical neurons was demonstrated by Krnjevic and
Phillis (1963) and proposed to underlie the fast cortical activity that characterized activation.
Indeed, pharmacological enhancement of ACh with physostigmine, the AChE inhibitor, or
administration of muscarinic or nicotinic agonists stimulated cortical activation with waking
(Domino et al., 1968). Blocking muscarinic receptors with atropine led to deactivation of the
cortex with predominant slow-wave activity, despite continued behavioral arousal, and thus
disassociation between cortical activity and behavior (Longo, 1966). It was also found by
Jasper and Tessier (1971) that ACh release from the cerebral cortex was maximal in
association with cortical activation during both waking and REM sleep (Celesia and Jasper,
1966). These early studies thus indicated that ACh and cholinergic neurons played an
important, if not critical, role in cortical activation which occurs during waking and REM
sleep and thus in cortical activation, irrespective of behavioral arousal.

As identified and delineated by ChAT immunohistochemistry, the cholinergic neurons are
distributed across the basal forebrain from rostral to caudal in the medial septum (MS),
nuclei of the diagonal band of Broca (DBB), magnocellular preoptic nucleus (MCPO),
substantia innominata (SI) and globus pallidus (GP), as described in the rat brain (Mesulam
et al., 1983b) and corresponding largely to what was originally called the nucleus basalis
magnocellularis of Meynert in primates (Mesulam et al., 1983a). Collectively these cell
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groups provide a rich cholinergic innervation to the hippocampus and paleocortex
(predominantly from MS-DBB) and to the entire neocortex (predominantly from MCPO-SI-
GP). In the cortex, cholinergic fibers innervate both interneurons and pyramidal cells across
all layers (Beaulieu and Somogyi, 1991). ACh exerts excitatory influences upon both cell
types, predominantly through muscarinic (M1) receptors and also inhibitory influences upon
some interneurons (through M2 receptors) (McCormick, 1993). The influence of the basal
forebrain cholinergic neurons upon cortical neurons prevents slow-wave cortical activity and
promotes fast cortical activity, particularly in a gamma range (30-60 Hz) (Metherate et al.,
1992; Cape and Jones, 2000).

As recently determined by juxtacellular labeling and immunohistochemical identification of
recorded neurons in rats, the cholinergic basal forebrain neurons discharge maximally in
association with cortical activation during waking and REM sleep or, as it is more
appropriately called in rats, paradoxical sleep (PS) (Lee et al., 2005b) (Figure 9.2).
Moreover, they fire in high-frequency spike bursts with gamma and theta activity during
active, attentive waking and during PS (Figure 9.2, expanded traces). As typical of W/
PSactive (or W/REM, as represented in the human brain in Figure 9.1), their discharge is
positively correlated with high-frequency gamma EEG activity and negatively correlated
with slow delta EEG activity, and it is not correlated with EMG amplitude (Figure 9.3). In
contrast to thalamocortical neurons of the nonspecific thalamocortical projection system, the
cholinergic cells cease firing prior to and during SWS. Since ACh stimulates cortical
activation, the cessation of discharge by the cholinergic cells is likely a determinant in the
natural onset of SWS, including spindle, delta, and slow oscillations in the cortex.

In addition to cholinergic neurons, other neurons, including glutamatergic and GABAergic
neurons, are distributed through the basal forebrain and give rise to cortical, local, or
descending projections (Jones, 2004, 2005; Henny and Jones, 2008). These noncholinergic
cells are heterogeneous in their response to different neurotransmitters, in their activity
profile across sleep—wake states, and in their role in modulating cortical activity and sleep—
wake states, as will be elaborated below. Some presumed glutamatergic neurons, likely
having cortical projections, discharge like the cholinergic basalocortical projection neurons,
maximally in association with cortical activation during waking and REM sleep (Figure 9.3).
Other presumed glutamatergic neurons, likely having descending projections, discharge
maximally with behavioral arousal during waking. Some GABAergic neurons discharge also
in parallel with the cholinergic cells; yet another important contingent discharges in an
inverse manner to the cholinergic and presumed glutamatergic neurons and could thus
promote sleep (see below) (Figure 9.3).

DIFFUSELY PROJECTING AROUSAL SYSTEMS

The reticular formation and cholinergic pontomesencephalic tegmental neurons have the
capacity to influence widespread areas of the forebrain and cortex through their projections
to the major subcortical relay stations. Some also give rise to branching axons with
descending as well as ascending projections of some distance, thus allowing simultaneous
influence upon forebrain and spinal cord systems (Jones and Yang, 1985). It is thus likely
that some neurons of the reticular formation can simultaneously stimulate cortical activation
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and behavioral arousal with enhanced muscle tone and/or motor activity. In the case of the
cholinergic neurons, some may actually stimulate cortical activation while dampening
behavioral arousal and diminishing muscle tone in the generation of REM sleep. Such
widespread influence can thus determine the state of the brain and organism.

Following the development of histofluorescent techniques in the 1960s, other cell groups
were revealed within the brainstem which contained monoamines and which gave rise to
highly diffuse projections through the entire central nervous system (Dahlstrom and Fuxe,
1964; Ungerstedt, 1971b). Moreover, they acted as neuromodulators able to influence the
activity of other neurons or actions of other neurotransmitters on those neurons in a
relatively subtle, slow, and prolonged manner. As proposed by Jouvet (1969), the
monoamines and their neural systems appeared ideally suited to influence — if not determine
— sleep—wake states. Most notable of these, the locus coeruleus nucleus neurons were found
to contain noradrenaline (NA) (norepinephrine) and to give rise to varicose axons which
branched and sent collaterals through the entire nervous system, such as potentially to permit
from one neuron the simultaneous release of NA throughout the brain and spinal cord (Jones
and Moore, 1977; Jones and Yang, 1985). Indeed, this small cluster of neurons in the brain
resembles a central sympathetic ganglion, sending fibers to broad regions and releasing NA
from the varicosities along its axons to influence its multiple target cells in a nonsynaptic
manner (Descarries et al., 1977). The locus coeruleus noradrenergic neurons thus appeared
to represent an ideal substrate stimulating arousal.

Early pharmacological studies had indicated a potent influence of the catecholamines, NA
and dopamine (DA), in stimulating waking with behavioral arousal (Jouvet, 1972).
Amphetamine, which releases NA and DA, evoked a prolonged waking state characterized
by fast cortical activity and pronounced behavioral arousal. Depletion of NA and DA by
inhibition of catecholamine synthesis (with a-methyl-para-tyrosine, AMPT) resulted in
decreases in waking and increases in sleep.

Noradrenergic locus coeruleus neurons

The locus coeruleus neurons project along the same ascending pathways as the neurons of
the reticular formation; however, while innervating the relay stations in the thalamus,
hypothalamus and basal forebrain, they send axons further along to innervate the entire
cerebral cortex directly (Jones and Yang, 1985) (Figure 9.1). Other neurons send axons
through the brainstem to innervate neurons therein, yet extend their fibers into the entire
spinal cord, and a certain number innervate through bifurcating axons both the forebrain and
the spinal cord. Through these regions, NA exerts different effects upon different neurons
through different receptors. In the thalamus, NA serves mainly to depolarize and excite both
specific and nonspecific thalamocortical projection neurons by acting primarily upon aq-
adrenergic receptors and thus stimulating fast tonic discharge and preventing slow bursting
discharge of the thalamic neurons to promote cortical activation (McCormick, 1992). In the
posterior hypothalamus, NA also excites wake-promoting neurons (Bayer et al., 2005) (see
below). In the basal forebrain, the cholinergic neurons are similarly excited by NA through
aq-adrenergic receptors (Fort et al., 1995). NA also excites motor systems and exerts a direct
excitatory influence upon motor neurons in the spinal cord (Sqalli-Houssaini and Cazalets,
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2000). Indeed, the excitatory influence of NA upon motor neurons and their activity is also
evident in brainstem motor neurons as an important tonic influence that determines their
activity and tonus during waking (Fenik et al., 2005). It is notable that NA inhibits certain
neurons through a,-adrenergic receptors; indeed, sleep-promoting neurons in the forebrain
appear to be inhibited by NA (see below). According to their projections and the effects of
NA released by their diffusely projecting fibers, the locus coeruleus noradrenergic neurons
thus have the capacity simultaneously to stimulate cortical activation and behavioral arousal
of waking and to prevent sleep.

As established many years ago without the need to identify recorded neurons as NA-
containing in the locus coeruleus, given the very compact and homogeneous aggregation of
these cells in the rat brain, locus coeruleus noradrenergic neurons discharge selectively
during waking, diminish firing during SWS, and cease firing altogether during PS (Aston-
Jones and Bloom, 1981) as W-active cells (W, Figure. 9.1). Their discharge during waking is
maximal in response to sensory stimuli and situations that are associated with high
behavioral arousal, stress, and activation of the peripheral sympathetic nervous system
(Jacobs et al., 1991). Their discharge would thus be associated with behavioral arousal and
incompatible with SWS and PS. Indeed, as was formally proposed by McCarley and Hobson
(1975) many years ago, locus coeruleus noradrenergic neurons could prevent the occurrence
of PS through an inhibitory influence upon cholinergic PS promoting neurons in the
pontomesencephalic tegmentum. They can also prevent the muscle atonia of PS by their
excitatory influence upon motor neurons (Fenik et al., 2005).

Dopaminergic mesencephalic neurons

The DA-containing neurons are located in the mesencephalic tegmentum concentrated
within the substantia nigra and ventral tegmental area. Although the dopaminergic neurons
do not project in the diffuse manner of the noradrenergic neurons, they nonetheless reach
broad areas of the forebrain, particularly the dorsal striatum from the substantia nigra and
the ventral striatum and cortex from the ventral tegmental area (Moore and Bloom, 1979).
They also project to the thalamus (Sanchez-Gonzalez et al., 2005) and on to cholinergic
basal forebrain neurons (Jones and Cuello, 1989; Gaykema and Zaborszky, 1996), similar to
noradrenergic neurons. They influence target neurons in differing manners through D1 or D2
receptors. From early lesion studies, DA neurons appeared to influence behavioral arousal
more than cortical activity, since their destruction in animals resulted in akinesia with little
change in cortical activation, as in Parkinson patients (Ungerstedt, 1971a; Jones et al., 1973).
Yet, evidence subsequently indicated that these neurons can also facilitate cortical activation
by enhancing gamma EEG activity along with attentive behavior (Montaron et al., 1982).

Recordings from identified DA-containing neurons have not yet been realized in naturally
sleeping—waking animals. Early studies described the activity of possibly dopaminergic
neurons, which particularly in the ventral tegmental area are intermingled with a vast
majority of nondopaminergic neurons, across the sleep—waking cycle, and concluded that
they did not change their average firing rate across this cycle (Miller et al., 1983), a very
surprising finding. On the other hand, studies employing c-Fos as an indicator of activity
presented evidence that dopaminergic neurons of the ventral tegmental area are more active
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during waking and REM sleep (W/REM) than SWS (Maloney et al., 2002). A study
employing electrophysiological properties as a marker for dopaminergic neurons found that
possibly DA-containing neurons of the ventral tegmental area discharged in bursts of spikes
during aroused waking and during PS (Dahan et al., 2007). It is thus possible that
dopaminergic neurons are more similar to cholinergic neurons, from which they receive
input and to which they project, and thereby discharge maximally during both W and PS.
Considering the important role of DA in the limbic system, such activity could mediate the
emotive aspects of particular waking and dream states.

Given, however, that the drugs employed in the prevention of hypersomnolence including
narcolepsy with cataplexy act prominently upon both NA and DA release (Wisor et al.,
2001), it is currently not clear whether dopaminergic neurons in the ventral mesencephalon
(or perhaps diencephalon) function to promote behavioral arousal and prevent sleep-like
noradrenergic neurons (Figure 9.1) or might be active during REM sleep to stimulate
cortical activation without stimulating behavioral arousal. In any event, it is likely that the
enhanced release of both NA and DA is important for the antinarcoleptic action of
amphetamines and modafinil (Lin et al., 1992).

Serotonergic raphe neurons

The influence of serotonin (Ser, also 5-hydroxytryptamine, 5-HT) upon EEG activity and
sleep—wake states is different from that of the catecholamines. Indeed, it is so different that
the early pharmacological and lesion studies indicated to Jouvet (1972) that the serotonergic
raphe neurons generated SWS. Inhibition of Ser synthesis (with para-chlorophenylalanine,
PCPA) and lesions of serotonergic raphe neurons both produced insomnia. Yet, upon
recording from possibly serotonergic raphe neurons, it was surprisingly discovered that the
presumed serotonergic cells discharged during waking, diminished firing during SWS, and
ceased firing during REM sleep (McGinty and Harper, 1976). They are, thus, like
noradrenergic neurons, W-active cells (W, Figure 9.1). In contrast to noradrenergic locus
coeruleus neurons, however, the presumed serotonergic raphe neurons do not discharge
during response and orientation to sensory stimuli and do not fire under conditions of
physiological stress when the sympathetic nervous system is activated (Jacobs and Fornal,
1999). They do fire during motor activity and particularly during rhythmic motor patterns,
such as grooming or locomotion. Ser is known to facilitate locomotor activity and directly
excite motor neurons, particularly through 5-HT, receptors (Barbeau and Rossignol, 1990;
Kjaerulff and Kiehn, 2001). In that serotonergic raphe neurons can also attenuate sensory
inputs (Fields and Basbaum, 1978), it is possible that their activity prevents sensory inputs
from disrupting rhythmic motor activity during locomotion or grooming (Jacobs and Fornal,
1999). The major serotonergic projections into the spinal cord dorsal and ventral horns
derive from medullary raphe nuclei (magnus, pallidus, and obscurus). Serotonergic neurons
also project into the forebrain (particularly from the dorsal and central superior raphe nuclei)
along the major ascending brainstem pathways, and like the noradrenergic neurons, also
beyond to reach directly the cerebral cortex. Ser can inhibit many thalamic neurons,
including the intralaminar nuclei, through 5-HT, receptors, though exciting others through
5-HT, receptors (Monckton and McCormick, 2002). Ser inhibits cholinergic basal forebrain
neurons through 5-HT; receptors and thereby diminishes gamma EEG activity (Khateb et
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al., 1993; Cape and Jones, 1998). Serotonergic raphe neurons would thus promote waking
and behavioral arousal along with rhythmic motor activity but not cortical activation with
sensory responsiveness, which would be attenuated. Promotion of such rhythmic pattern
generation that would underlie behaviors such as grooming might favor a more relaxed
waking state from which sleep would follow more easily than from a highly attentive state.
Ser does nonetheless facilitate muscle tone and antagonize the hyperpolarization of motor
neurons that occurs with the muscle atonia of REM sleep (Kubin et al., 1992; Fenik et al.,
2005). It can also prevent REM sleep initiation by inhibiting cholinergic
pontomesencephalic neurons (Luebke et al., 1992).

Histaminergic tuberomammilary neurons

Histamine (HA) was long thought to have a wakepromoting influence since
antihistaminergic drugs, used for the treatment of allergies, were associated with
somnolence (Lin et al., 1988; Schwartz et al., 1991). It was subsequently discovered that,
like the noradrenergic locus coeruleus neurons, the histaminergic neurons give rise to a
highly diffuse innervation of the brain and spinal cord. The histaminergic neurons are also
relatively tightly clustered in the posterior hypothalamus concentrated in the
tuberomammillary nucleus (Figure 9.1). They excite target neurons in the brain, including
thalamocortical projection neurons, cholinergic basal forebrain neurons, and cortical neurons
predominantly through H1 receptors, by which HA also appears to stimulate fast cortical
activity (McCormick, 1992; Reiner and Kamondi, 1994; Khateb et al., 1995).

Recently identified histaminergic neurons have been recorded in the tuberomammillary
nucleus of the mouse across natural sleep—waking states (Takahashi et al., 2006). Like other
monoaminergic neurons, these cells discharge during waking and cease firing during sleep
as W-active, or even wake-specific, cells supposedly not discharging at all during SWS or PS
(W, Figure 9.1). Their discharge was particularly elevated during attentive waking, more so
than during waking with movement. They would appear to differ in this way from both the
noradrenergic and serotonergic neurons and have been postulated to play a particularly
important role in attention. Such a role was supported by a diminished arousal response to
novel stimuli seen in mice with knockout of the gene for histidine decarboxylase, the
synthetic enzyme for HA (Parmentier et al., 2002). It is also noteworthy that in narcoleptic
dogs, presumed histaminergic neurons continued to fire, in contrast to noradrenergic locus
coeruleus neurons, during episodes of cataplexy (John et al., 2004). Such discharge
seemingly did not affect the immobility or muscle atonia of the abnormal state and could be
partly responsible for the state of alertness and conscious awareness that can persist during
cataplectic episodes in dogs and humans. Histaminergic neurons are nonetheless normally
active during attentive and aroused waking when, as W-active cells, they would promote
cortical activation and attention.

Early lesion studies, employing particularly large electrolytic or thermolytic lesions, of each
of the activating or arousal systems, including the reticular formation with the posterior
hypothalamus (Lindsley et al., 1950) and the catecholaminergic neurons (Jones et al., 1973),
revealed major deficits or elimination of cortical activation, behavioral arousal and the
waking state in experimental animals, corroborating observations in human cases of coma
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following large brainstem lesions (Plum and Posner, 1980; Parvizi and Damasio, 2003). Yet,
when using more refined techniques for performing lesions and particularly using
neurotoxins selective for cell bodies and neurons containing particular neurotransmitters or
bearing particular receptors, no long-lasting deficits in waking or cortical activation were
apparent (Jones et al., 1977; Webster and Jones, 1988; Denoyer et al., 1991; Holmes and
Jones, 1994; Blanco-Centurion et al., 2004, 2006, 2007). These results, emerging over many
years now, have indicated that no one neural system or neurotransmitter is critical for
generating a waking state, although any one might be sufficient. The activating and arousal
systems are thus multiple, parallel, and partially redundant; although, as discussed above,
each plays a slightly different role and is invoked by a slightly different condition. On the
other hand, it was quite surprising to learn in recent years that one particular peptide, its
receptors and the neurons that release it, appeared to be critical for the maintenance of
waking and behavioral arousal, since in its absence narcolepsy with cataplexy occurs
(Chemelli et al., 1999; Lin et al., 1999; Peyron et al., 2000; Thannickal et al., 2000). This
peptide is orexin (Orx, also called hypocretin).

Orexinergic posterior hypothalamic neurons

In the 1990s, two groups simultaneously discovered a new set of peptides in the
hypothalamus, Sakurai and his colleagues (1998) called them orexins (Orx A and B),
meaning peptides that would stimulate appetite and eating; de Lecea and his colleagues
(1998) called them hypocretins (Hcert 1 and 2), meaning peptides that are contained in
hypothalamic neurons and have similarities with the gut hormone, secretin. Just 1 year later,
it was discovered by Yanagisawa and his collaborators that knockout of the gene for Orx in
mice resulted in narcolepsy and cataplexy (Chemelli et al., 1999) and by Mignot and his
collaborators (2002) that it was the gene for the Hrct 2 (Orx 2) receptor that was lacking in
dogs with narcolepsy-cataplexy (Lin et al., 1999). Indeed, humans having suffered from
narcolepsy with cataplexy were subsequently found to have mutations in Orx (Hcrt) genes,
low levels of Orx (Hcrt) in cerebrospinal fluid and/or loss of Orx-containing neurons in the
hypothalamus (Peyron et al., 2000; Thannickal et al., 2000). Clearly, orexinergic
hypothalamic neurons play a critical role in maintaining waking.

The Orx neurons are located in the posterior portion of the hypothalamus, where they are
distributed across the lateral hypothalamus, perifornical area, and dorsomedial nucleus
(Peyron et al., 1998) (Figure 9.1). Like the noradrenergic locus coeruleus neurons, they give
rise to highly diffuse projections extending through the forebrain to reach the subcortical
relays of the activating systems in the thalamus and basal forebrain and to continue up to the
cerebral cortex. They also project through the hypothalamus, the brainstem, and into the
spinal cord. According to orexin’s effects following intracerebroventricular administration
and to the effects of elimination of Orx or Orx neurons in knockout mice, the orexinergic
system facilitates cortical activation and arousal, stimulates the hypothalamopituitary-
adrenal and hypothalamo-pituitary-thyroid axis and excites both sympathetic and motor
systems (Lubkin and Stricker-Krongrad, 1998; Shirasaka et al., 1999; Hara et al., 2001;
Espana et al., 2002; Yamanaka et al., 2003). Orx neurons thus stimulate arousal while
activating neuroendocrine, sympathetic, and motor systems to support and sustain activity
through the physiological changes associated with increased energy metabolism. This
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influence occurs through the excitatory action of Orx on Orx-1 or Orx-2 receptors upon
multiple neurons, including cortical neurons, midline thalamocortical projection neurons,
cholinergic basal forebrain neurons, histaminergic neurons, cholinergic pontomesencephalic
neurons, noradrenergic locus coeruleus neurons, and motor neurons (Horvath et al., 1999;
Bayer et al., 2001, 2004; Eggermann et al., 2001; Burlet et al., 2002; Yamuy et al., 2004).
Interestingly, no inhibitory actions of Orx have been found, even upon the sleep-promoting
neurons which are inhibited by NA (see below) (Bayer et al., 2002). The Orx neurons can
thus play a central role in stimulating arousal by exciting all other arousal systems while
activating neuroendocrine, sympathetic, and motor systems that support arousal and activity.

Studies utilizing c-Fos expression or release of Orx indicated that Orx neurons are active and
release their peptide in association with waking and arousal during the active period of the
day (Kiyashchenko et al., 2002; Zeitzer et al., 2003). Yet, it remained uncertain whether they
became silent during sleep and particularly REM sleep until recording from identified Orx
neurons was achieved by juxtacellular labeling in the rat (Lee et al., 2005a; Mileykovskiy et
al., 2005). Orx neurons were thus found to discharge during waking and virtually cease
firing during SWS and PS (Figure 9.4). Their discharge occurred during active waking and
was correlated with postural muscle tone recorded on the nuccal EMG (Figure 9.4, expanded
traces). The Orx neurons were thus like other neurons whose discharge was positively
correlated with EMG (Figure 9.3) and whose profile could be typified as W-on and PS-off
(W, Figure 9.1). In their case, however, in contrast to other known cell groups, including the
noradrenergic locus coeruleus neurons, their discharge is necessary to maintain active
waking, since it is in their absence that narcolepsy with cataplexy occurs.

Since cataplexy is often elicited by an emotional stimulus or also in animals by food, it
appears to be triggered by activation of systems which act in an opposite manner to the Orx
neurons during those conditions. The cholinergic neurons, which are active during both
waking and REM sleep, and ACh or its agonists, which can evoke cortical activation with
muscle atonia or a REM sleep-like state, could exert this opposing influence. Indeed, this
influence could be exerted from both the basal forebrain and brainstem to result in cortical
activation associated with a loss of muscle tonus (Reid et al., 1994a, b; Nishino et al., 1995;
Cape et al., 2000) during conditions when orexin release is absent, such as during natural
REM sleep or narcoleptic attacks occurring in the absence of orexinergic transmission,
which would otherwise override the cholinergic influence to excite motor and sympathetic
systems.

SLEEP-PROMOTING SYSTEMS

Although it is clear that thalamic neurons play an important role in shaping the activity of
the cortex across waking and sleeping, their influence depends upon their pattern of
discharge, which is tonic and fast during waking and becomes bursting and slow during
sleep. In contrast, there are neurons in the forebrain and brainstem which are selectively
active during sleep and thus appear to play a specific role in promoting sleep.

Handb Clin Neurol. Author manuscript; available in PMC 2017 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

JONES Page 13

Preoptic region and basal forebrain

From early studies involving lesions or stimulation, the preoptic region and basal forebrain
were known to have the capacity to exert a sleep-promoting influence. Early lesions
produced insomnia (McGinty and Sterman, 1968). Stimulation produced a predominance of
parasympathetic responses, including decreased heart rate, blood pressure, respiration, and
temperature along with decreased activity (Hess, 1957) and sleep (Sterman and Clemente,
1962a, b).

Single-unit recording studies revealed neurons in the preoptic area and basal forebrain that
discharged maximally during sleep (Szymusiak and McGinty, 1986; Alam et al., 1996;
Szymusiak et al., 1998). In both these regions, however, such cells are intermingled with
cells which discharge maximally during waking and PS in association with cortical
activation (above) or less commonly during waking alone (above) (Koyama and Hayaishi,
1994; Lee et al., 2005b). Sleepactive neurons are of two types, one which discharges in
association with cortical slow-wave, delta activity during SWS and another which discharges
in association with progressively decreasing muscle tonus during SWS and PS (Figure 9.3).
The SWS cell group could influence cortical deactivation or slow-wave activity by
ascending projections to the cortex or local projections on to basalocortical cholinergic
neurons. The SWS/PS cell group could influence muscle tone and behavioral quiescence by
descending projections to the posterior hypothalamus and brainstem (Figure 9.1).

GABAergic neurons

Sleep-active neurons have also been revealed by c-Fos expression during sleep recovery
following deprivation (Sherin et al., 1996). By this technique, the majority of sleep-active
cells in the preoptic area and basal forebrain have been found to contain the synthetic
enzyme for GABA (glutamic acid decarboxylase, GAD) (Gong et al., 2004; Modirrousta et
al., 2004). Yet, many GABAergic neurons are active during waking and cortical activation,
as evident from both c-Fos and juxtacellular recording studies (Manns et al., 2000;
Modirrousta et al., 2004). The sleep-active GABAergic cells must then be different in other
ways from the Wactive or W/PS-active GABAergic cells.

From in vitro pharmacological studies performed first in the basal forebrain and then in the
ventrolateral preoptic area (VLPO), it was discovered that, whereas cholinergic neurons
were depolarized and excited by NA through a.1-adrenergic receptors, a small contingent of
cells, which were identified as GABAergic in the VLPO, were hyperpolarized and inhibited
by NA through ay-adrenergic receptors (Fort et al., 1995, 1998; Gallopin et al., 2000).
Moreover, following juxtacellular recording and labeling of neurons that discharge
maximally with slow-wave activity, it was found that a large proportion of these were
GABAergic and that these particular GABAergic cells bear ay-adrenergic receptors (Manns
et al., 2003).

An important contingent of sleep-promoting neurons would thus be composed of
GABAergic neurons in the basal forebrain and preoptic area which are inhibited by NA and
would thus be disinhibited when NA release declines as locus coeruleus neurons cease
discharge with decreasing arousal (Jones, 2005). Reciprocally, by releasing GABA, the
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sleep-promoting neurons can inhibit cortical or subcortical systems promoting cortical
activation or behavioral arousal, including noradrenergic, histaminergic, and orexinergic
neurons (Sherin et al., 1998; Steininger et al., 2001; Henny and Jones, 2006).

It should also be mentioned that there are GABAergic neurons through the hypothalamus
and brainstem, which can also function to inhibit arousal-promoting neurons. Notably,
GABAergic neurons in the pontomesencephalic tegmentum and medulla appear to be active
with sleep and PS recovery during which they may inhibit local monoaminergic cells, other
reticular neurons, or motor neurons (Maloney et al., 1999, 2000; Fenik et al., 2005) (see
above) (Figure 9.1). Glycinergic neurons also participate in this process (Chase et al., 1989;
Boissard et al., 2002), and both GABA and glycine are released in high concentrations in the
region of brainstem and spinal cord motor neurons during muscle atonia (Kodama et al.,
2003).

In addition, the neurons of the thalamic reticular nucleus which shape spindling activity
utilize GABA through which they hyperpolarize and pace the relay neurons to induce
bursting in thalamo-cortico-thalamic circuits (Steriade et al., 1994) (see above).

GABA and hypnotic drugs

Given the important role of GABA in inhibiting neurons of the arousal systems and thus in
promoting sleep, it is not surprising that many hypnotic drugs as well as anesthetics act as
GABA agonists (Lancel, 1999; Gottesmann, 2002; Mignot et al., 2002; Rudolph and
Antkowiak, 2004; Mendelson, 2005). Such drugs act upon the benzodiazepine site of the
GABA receptor (linked to chloride channels) to enhance and prolong GABA'’s action or
directly upon the GABA receptor to mimic its action and promote respectively spindling
activity or slow-wave activity along with sleep. Some drugs act upon GABARg receptors
(linked to potassium channels) and promote slow-wave activity along with minimal muscle
tone with sleep.

SUMMARY

Waking and sleeping are actively generated by neuronal systems distributed through the
brainstem and forebrain with different projections, discharge patterns, neurotransmitters, and
receptors. Specific ascending systems stimulate cortical activation, characterized by fast,
particularly gamma, activity which occurs during waking and REM sleep. In addition to
glutamatergic neurons of the reticular formation and thalamus, cholinergic
pontomesencephalic and basal forebrain neurons are integral components of the ascending
activating system. Discharging during W and REM sleep, cholinergic neurons stimulate
cortical activation in the presence or absence of postural muscle tone and behavioral arousal.
Comprised by glutamatergic reticulospinal and other neurons, specific descending systems
stimulate behavioral arousal, characterized by postural muscle tone along with motor
activity during waking.

Diffusely projecting systems give rise to both ascending and descending projections and thus
simultaneously facilitate both cortical activation and behavioral arousal. These include the
neurons containing the modulatory neurotransmitters NA, DA, Ser, HA, and Orx.
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Commonly discharging during waking and ceasing to discharge during SWS and REM
sleep, these systems excite through particular receptors other neurons of the activating and
arousal systems to promote waking and prevent sleep. Largely parallel in their projections
and actions, they are partially redundant and thus not individually necessary for the
generation of waking and arousal. On the other hand, Orx is necessary for the maintenance
of waking since in its absence narcolepsy with cataplexy occurs in humans and animals.
These neurons excite all other activating and arousal systems along with neuroendocrine,
sympathetic, and motor systems to support activity, arousal, and muscle tone.

Sleeping is initiated by inhibition of the activating and arousal systems. This inhibition is
effected at multiple levels through particular GABAergic neurons which become active
during sleep. Neurons in the preoptic area and basal forebrain play a particularly important
role in this process. Some become active during SWS, promoting deactivation and slow-
wave activity in the cerebral cortex. Others discharge at progressively increasing rates during
SWS and REM sleep, promoting behavioral quiescence and diminishing muscle tone.
Through their projections and inhibitory neurotransmitter, they have the capacity to inhibit
the monoaminergic neurons and Orx neurons in the brainstem and hypothalamus. They are
in turn inhibited by NA through a,-adrenergic receptors. During REM sleep, cholinergic
systems become active and stimulate cortical activation, while the monoaminergic and
orexinergic systems are inhibited, leaving motor and other neurons devoid of their excitatory
influence. The selective inhibition of these systems and additional direct inhibition of motor
neurons by GABA (and glycine) produces a loss of behavioral responsiveness and postural
muscle tone, despite maintained activation of the cerebral cortex, which characterizes this
“paradoxical” state of sleep as well as its pathological manifestation in narcolepsy with
cataplexy.
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Cortical activation (W/REM): & Glu
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Fig. 9.1.
Sleep—wake state substrates. Sagittal schematic view of the human brain depicting neurons

with their chemical neurotransmitters and pathways by which they influence cortical activity
or behavior across the sleep—wake cycle. Neurons which are active during waking (red
symbols) include cells with ascending projections toward the cortex, which stimulate
cortical activation, and cells with descending projections toward the spinal cord, which
stimulate behavioral arousal with postural muscle tone. Those with predominantly ascending
projections discharge in association with fast, gamma electroencephalogram (EEG) activity
and cease firing with slow, delta activity to be active during both wakefulness and rapid eye
movement sleep (W/REM, filled red symbols); they include neurons which release
glutamate (Glu, diamonds) or acetylcholine (ACh, circles) (see Figures 9.2 and 9.3). Those
with more diffuse or descending projections discharge in association with behavioral arousal
and electromyogram (EMG) activity and cease firing with muscle atonia to be active during
W and silent during REM (W, empty red symbols); they include neurons which release
glutamate (Glu, diamonds), noradrenaline (norepinephrine) (NA, square), serotonin (Ser,
star), histamine (HA, cross) or orexin (Orx, asterisk) (see Figure 9.4). Neurons which are
active during sleep (blue or aqua symbols) include cells with ascending projections toward
the cortex, which dampen fast cortical activity, and those with descending projections toward
the hypothalamus, brainstem, or spinal cord, which diminish behavioral arousal and muscle
tone. Those with projections to the cortex or local area discharge in association with slow
EEG activity during slow-wave sleep (SWS, blue triangle; see Figure 9.3); those with
descending projections discharge in association with decreasing muscle tone and EMG

Handb Clin Neurol. Author manuscript; available in PMC 2017 August 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

JONES

Page 25

(SWS/REM, aqua triangles; see Figure 9.3). They include particular GABAergic neurons in
the basal forebrain and preoptic area that bear ay-adrenergic receptors and are thereby
inhibited by NA. Also shown are GABAergic neurons in the pontomesencephalic
tegmentum, which can inhibit local reticular or monoaminergic neurons, and GABAergic
neurons (together with glycinergic neurons, not shown) in the ventral medullary reticular
formation that project directly to the spinal cord where they can inhibit neck and other motor
neurons during sleep. BF, basal forebrain; CB, cerebellum; Cx, cortex; DR, dorsal raphe;
GABA, gamma-aminobutyric acid; LC, locus coeruleus nucleus; LDT, laterodorsal
tegmental nucleus; Mes, mesencephalon; PH, posterior hypothalamus; POA, preoptic area;
RF, reticular formation; SC, spinal cord; Th, thalamus; TM, tuberomammillary nucleus;
VTA, ventral tegmental area. (Adapted from Jones (2005).)
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Fig. 9.2.
Discharge of a cholinergic basal forebrain neuron across sleep-wake states. Record of a

neuron labeled by juxtacellular technique with Neurobiotin (Nb) and identified by
immunohistochemistry for choline acetyltransferase (ChAT) as cholinergic in the
magnocellular preoptic nucleus (MCPO) of the rat. As evident in 10-second traces (above),
the unit fired during aW, virtually ceased firing during SWS, resumed firing during tPS, and
discharged maximally during PS. As evident in expanded 0.5-second traces (below), the unit
discharged in rhythmic bursts of spikes with theta EEG activity that was present
intermittently during periods of aW, toward the end of tPS, and continuously during PS. aW,
active wake; EMG, electromyogram; EEG, electroencephalogram; PF, prefrontal cortex; RS,
retrosplenial cortex; SWS, slow-wave sleep; tPS, transition to paradoxical sleep; PS,
paradoxical sleep. Bar for horizontal scale: 1 second. Bar for vertical scales: 1 mV for
EEG/EMG and 1.5 mV for unit. (Reprinted with permission from Lee et al. (2005b).)
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Fig. 9.3.
Sleep—wake-related electroencephalogram (EEG)/electromyogram (EMG) and unit activity

of basal forebrain neurons in the rat. Normalized average gamma power (A), delta power
(B), and EMG amplitude (C) across all sleep—wake stages in the rat. (D-G) Normalized
average unit spike rate for basal forebrain cell groups. In D, waking (W)/paradoxical sleep
(PS)-active cells, whose discharge is positively correlated with gamma EEG activity and
negatively correlated with delta EEG activity (including putative cholinergic cells
represented in Figure 9.1 in the human brain as W/REM cells, circles). E shows W-active
cells whose discharge is positively correlated with EMG amplitude and which fire
maximally during W (including putative glutamatergic cells represented in Figure 9.1,
diamonds). F shows SWS-active cells whose discharge is negatively correlated with gamma
and positively correlated with delta EEG activity and which fire maximally during SWS
(including putative GABAergic neurons represented in Figure 9.1, triangles). G shows
SWS/PS-active cells whose discharge is negatively correlated with EMG amplitude and
which fire at progressively higher rates during SWS through PS (including putative
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GABAergic neurons represented in Figure 9.1 as SWS/REM cells, triangles). aW, active
wake; gW, quiet wake; tSWS, transition to slow-wave sleep; SWS, slow-wave sleep; tPS,
transition to paradoxical sleep; PS, paradoxical sleep. (Reprinted with permission from
Jones, (2005).)
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Fig. 9.4.

Discharge of an Orx neuron across sleep—wake states. Record of a neuron labeled by
juxtacellular technique with Neurobiotin (Nb) and identified by immunohistochemistry for
Orx in the rat. As evident in 10-second traces (above), the unit fired during wakefulness (A)
and was virtually silent during slow-wave sleep (B), transition to paradoxical sleep (C), and
paradoxical sleep (D). As evident in an expanded trace (of approximately 4 seconds, below),
the unit discharged during active wake (aW) and increased firing phasically in association
with increases in muscle tone seen on the EMG. aW, active wake; EEG,
electroencephalogram; EMG. electromyogram; PF, prefrontal cortex; PS, paradoxical sleep;
RS, retrosplenial cortex; SWS, slow-wave sleep; tPS, transition to paradoxical sleep; W,
wake.

Horizontal scale bars: 1 second. Vertical scale bar: 1 mV for EEG, 0.5 mV for EMG, and 2
mV for unit. (Reprinted with permission from Lee et al. (2005a).
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