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INTRODUCTION

Attempts to understand the physiology of sleep and wakefulness have been gov-
ermed, on the one hand, by the specific phenomena that the investigator has chosen
to explain, and, on the other, by the concepts and techniques available for studying
the central nervous system. Prior to the discovery of rapid eye movement (REM)
sleep in 1953, and its association with dreaming, investigators had only to explain
sleep and wakefulness and the oscillation between the two states. Thus, investigators
of “wet” physiology looked for “hypnotoxins” which accumulated during wakeful-
ness and which were presumably dissipated during sleep (1). Similarly, investigators
of “dry” physiology explained sleep as a passive state resulting from inactivity of
the reticular activating system (2).

The discovery that consciousness consists of three major states (REM, wakeful-
ness, and nonREM) complicated but not not obviate these older approaches. It
became necessary, however, to account not only for the physiology of each state,
but also for their orderly sequence (that is, sleep normally begins with the nonREM
phase and consists of the well-known nonREM-REM cycle). Thus, more recent
biochemical models, such as that of Jouvet (2), postulates that the mechanism
responsible for nonREM sleep “primes” and “triggers” REM sleep. Similarly, the
neurophysiological model of Hobson & McCarley (3) suggests that nonREM and
REM sleep result from the reciprocal interaction of two anatomically distinct
neuronal groups. Physiological models that account for this normal, orderly se-
quence (wakefulness - nonREM - REM) must be flexible enough, however, to
account ultimately for the expected deviation (wakefulness » REM - nonREM)
which is seen in certain pathological conditions (narcolepsy, psychotic depression),
following REM sleep deprivation, and in “phase shift” studies.
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Considerable attention has also focused also upon physiological characteristics
specific to each state of consciousness. The electroencephalogram (EEG) is of partic-
ular importance in defining the states. During human wakefulness, the EEG varies
from low voltage, fast activity to synchronized alpha activity. During REM sleep,
the EEG is also activated, consisting of a low voltage, mixed frequency pattern. In
man and primates, four stages of nonREM sleep can be defined on the basis of the
EEG: Stage I, a brief transitional phase with a mixed frequency, low voltage EEG;
Stage II, defined by K-complexes and sleep spindles; and Stages III and IV (together
referred to as delta sleep) defined by moderate and large number of high voltage,
slow waves, respectively. In cats and rodents, two stages of nonREM sleep may be
defined by the presence or absence of high voltage slow waves. Very regular theta
waves in the hippocampus; monophasic waves in pons, geniculate body, and occipi-
tal cortex [pontine geniculate occipital (PGO) spikes]; and atonia of the major
muscles [electromyogram (EMG) suppression] are also characteristic of REM sleep.
The physiological events of REM sleep may be classified as tonic or phasic, depend-
ing upon whether or not they occur continuously throughout the REM period (the
EEG, EMG suppression) or periodically (eye movements, PGO spikes).

The conceptual and technical approaches to the study of sleep have been domi-
nated for the past 15 years by concern with the biogenic amines [serotonin (5-HT),
dopamine (DA), and norepinephrine (NE)] and, to a lesser extent, with acetylcho-
line (ACh). Progress in understanding the physiological role of biogenic amines was
made possible by the development of histofluorescent techniques that permitted
anatomic localization of specific pathways, and by the availability of numerous
pharmacologic agents capable of altering them.

The major research strategies have been (a) to determine changes produced by
experimental manipulation of specific neurotransmitter systems and (6) to correlate
activity within a specific system with physiological states of consciousness. Addi-
tional techniques have included the search for transferable “sleep factors” and
correlations between the state of consciousness and circadian factors.

That sleep researchers have focused so extensively upon biogenic amines and ACh
is a reflection of the intellectual debt we owe Michel Jouvet and his colleagues (2),
who pioneered many of the concepts and techniques reviewed here. They suggested
that nonREM sleep is initiated by the synaptic release of 5-HT from neurons
originating in the rostral raphe nuclei in the brain stem. Furthermore, REM sleep
is initiated by the release of SHT from neurons originating in the caudal raphe
nuclei, and wakefulness and cortical arousal depend on NE-containing neurons of
the anterior locus coeruleus, DA-containing neurons in the mesencephalic reticular
formation, and ACh neurons in the cortex. Moreover, *“‘executive” mechanisms
responsible for REM sleep involve catecholeamines (CA) and, possibly, ACh. NE-
containing neurons within the caudal third of the locus coeruleus are responsible
for EMG suppression of REM sleep, whereas those of the medial one third of the
locus coeruleus function as the pacemaker for PGO activity and are responsible for
both the phasic and tonic ascending components of REM sleep.

Many reviews have appeared in recent years (2—-8). In this paper we briefly review
the role of the monoamines and ACh, and, in addition, the possibility of so-called
sleep factors and activating factors which may be involved in sleep.
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SEROTONIN
Experimental Manipulation of the Serotonergic System

Since Brodie & Shore (9) first suggested that serotonin (5-HT) partially controls rest
and activity, several drugs, particularly reserpine and parachlorophenylalanine
(PCPA), have been used to decrease brain 5-HT concentrations and to study sleep.
Reserpine decreases the concentration not only of 5-HT but of NE and DA. In the
cat and rat it suppressed both nonREM and REM sleep (2). The cat also showed
PGO spikes during waking (2, 10). When the 5-HT precursor, 5-hydroxytryptophan
(5-HTP), was given to the reserpinized cat, nonREM sleep reappeared without PGO
spiking during wakefulness and nonREM sleep.

PCPA decreases 5-HT concentration by inhibiting tryptophan hydroxylase, the
rate-limiting enzymatic step in 5-HT synthesis. Single high dosages of PCPA pro-
duced total loss of sleep, lasting up to a week in the cat and monkey (2) [Chap. 2
in (6)). PGO spikes were observed in nonREM and waking; administration of
5-HTP blocked the appearance of PGO spikes during wakefulness and nonREM.
When PCPA was given chronically, however, nonREM and REM sleep gradually
reappeared at near normal levels despite markedly low brain 5-HT concentrations;
moreover, PGO spikes continued during wakefulness and nonREM sleep (11).

Other investigators have not observed all of these sleep changes induced by
PCPA. Ursin observed only a reduction in the slow wave stages of nonREM sleep
in the cat (12). Similarly, Weitzman et al (13) reported reduced slow wave stages
of nonREM sleep in monkeys shortly after administration of PCPA. In humans
treated with PCPA for medical conditions, Wyatt (8) observed little change in
nonREM sleep (these patients had few slow waves in their sleep) but a marked
decrease in REM sleep; 5S-HTP restored REM sleep in the PCPA-treated patient,
but tryptophan did not. In contrast, Rechtschaffen et al (14) reported that PCPA
did not affect the sleep of the rat; this conclusion was reached, however, before their
more recent interest in nonREM sleep with and without delta waves.

Methysergide, which appears to block the serotonin receptors, decreased REM
sleep in man (15) and rabbit (16). In man, methysergide did not change total delta
sleep; total nonREM was slightly increased.

When lesions of dorsal and medial raphe nuclei were used to decrease 5-HT in
the adult cat, total sleep initially decreased, particularly nonREM (2); however,
when the animals are monitored over a longer period of time, their sleep tended to
return toward normal (7).

Along these lines, Adrien et al (17) lesioned the raphe dorsalis and centralis in
newborn rats. Even though brain 5-HT concentration dropped to 5-10% of control,
when the animals were studied at three weeks their sleep was unaltered.

Brain 5-HT and its metabolite, 5-hydroxyindoleacetic acid (5-HIAA), may also
be decreased by intraventricular administration of 5,6-dihydroxytryptamine which
destroys serotonergic nerve terminals. REM sleep disappeared initially and re-
mained at about 50% of normal over the next two weeks (18).

In a recent experiment in our laboratory, E. Moja, W. B. Mendelson, J. C. Gillin,
and R. J. Wyatt were able to reduce brain 5S-HT concentration to 35% and 5-HIAA
to 50% of normal in rats given a tryptophan-deficient, amino acid diet. Although
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motor activity and nonREM did not change, both REM sleep and the percentage
of REM decreased significantly.

Application of 5-HT directly to the area postrema, which lacks a blood-brain
barrier, increased synchronization of the EEG in paralyzed cats (19). Administra-
tion of the biosynthetic precursor of serotonin, tryptophan (Trp), increased slow-
wave sleep in man and/or decreased latency of sleep onset (8, 20). The effect of Trp
on total sleep time has been inconsistent [(6) Chap. 2). In contrast, administration
of 5-HTP in low doses did not affect slow-wave sleep in normal man but did increase
REM sleep (8). High doses of 5-HTP suppressed REM sleep in neurologic and
schizophrenic patients; in the latter group, very high doses (6 g/day) actually
reduced total sleep time; furthermore, rapid withdrawal produced loss of sleep for
about one week (J. C. Gillin, unpublished data). Administration of lower doses of
5-HTP has not generally increased total sleep [(6) Chap. 2]; exceptions included the
administration of 5S-HTP to reserpinized or PCPA -treated cats and to two individual
human patients with marked hyposomnia (21, 22).

Electrical stimulation of the raphe was not reported to increase total sleep (23)
but may, in fact, have produced arousal and suppression of PGOspikes during REM
sleep (24).

Correlations Between 5-HT Activity and Sleep

Various measurements have been made of 5-HT and 5-HIA A concentrations during
sleep. Increased ventricular fluid 5-HIAA during nonREM sleep as compared with
wakefulness was reported in cats (25) and man (26), whereas decreased brain 5-HT
was reported in cats (27) sacrificed during nonREM sleep. These results suggest
increased turnover of 5-HT during nonREM sleep. Perhaps in contrast, however,
hippocampal 5-HT was increased in cats during nonREM (28).

Single-cell recordings have also been made in the dorsal raphe nucleus. These
neurons were most active in wakefulness and least during REM; moreover, many
units ceased firing just before and in temporal association with PGO spikes (29).

CATECHOLAMINES
Experimental Manipulations of Catecholaminergic Activity

A variety of pharmacological compounds have been given to study the effects of
increased DA and/or NE activity: L-dihydroxyphenylethylamine (L-dopa, the bio-
synthetic precursor of DA and NE) (8) [(6) Chap. 2], dextro- and levo-amphetamine
(30), cocaine (31), piribedil (ET495, a DA agonist) (R. Gerner, J. C. Gillin, and R.
M. Post, unpublished data), methylphenidate (32), and clonidine (33). All these
agents tended to decrease total REM sleep time when initially administered. It is
interesting that agents that increased DA activity relatively more than NE
(r-dopa in high doses, d-amphetamine, methylphenidate, cocaine) decreased total
sleep as well. The relatively pure NE agonist clonidine did not seem to have this
effect.

With chronic administration of amphetamine and methylphenidate, tolerance to
the sleep effects apparently developed because both hyperactive children and am-
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phetamine addicts receiving chronically administered stimulants had relatively nor-
mal sleep patterns (32, 34). Interestingly, during withdrawal, amphetamine addicts
showed increased total sleep and REM sleep (34). This is one of the few pharmaco-
logical manipulations that have been shown to markedly increase total sleep time.

The effects of CA antagonists have also been studied. Acute administration of
reserpine (in relatively low doses) (35, 36) and a-methylparatyrosine (AMPT) [(6)
Chap. 2] (8, 37), which deplete both DA and NE by enhancing release and blocking
synthesis, respectively, appeared to increase REM sleep. Chronic administration
with reserpine, but not with AMPT, also increased REM sleep. (It should be noted
that both may also influence other amines.) a-Adrenergic receptor blockers such as
thymoxamine (38) and phenoxybenzamine (39) have also been reported to induce
REM sleep in normal volunteers and rats, respectively. DA receptor blockers, such
as pimozide (40) and chlorpromazine (41), have not generally been reported to have
robust effects on sleep.

In animal studies, large doses of reserpine were reported to decrease both REM
and nonREM (2); administration of L-dopa to these animals restored REM sleep,
while 5-HTP restored nonREM sleep. More recently, however, Brooks & Gershon
reported that 1-dopa similarly produced arousal in the reserpinized cat (10).

The CA area examined most closely by the lesion technique is the locus coeruleus
(LC), comprised of NE-containing neurons in the dorsolateral pontine tegmentum.
Following initial lesion studies of the locus coeruleus, REM sleep was reported to
decrease in association with depletion of brain NE (2). Moreover, lesions of the
sublocus coeruleus abolished the muscle atonia of REM sleep, thus permitting cats
to ambulate while apparently in REM sleep, a finding subsequently replicated by
others (42, 43). In a more recent study, Jones et al (43), however, found that lesions
of the locus coeruleus produced no change in the total amount of REM sleep or
wakefulness, although they noted fewer PGO spikes. Furthermore, 6-hydroxydopa-
mine-induced lesions of CA neurons had little effect upon sleep (44). Lesion studies
have also been oriented to the DA system. Lesions of the ventral mesencephalic
tegmentum (including the substantia nigra and lemniscus medialis) did not change
EEG waking but did produce hypertonus and lack of behavioral arousal (45). These
results suggest that DA neurons might be involved in the maintenance of behavioral
(but not EEG) wakefulness.

Spontaneous Changes in Noradrenergic Activity

Observations of single NE neurons in the locus coeruleus suggest the presence of
two types of neurons. As reported by Hobson & McCarley (3), “D-on” cells fired
progressively more rapidly during waking, nonREM, and REM sleep respectively.
“D-off cells had the reverse pattern. About 60% of locus coeruleus cells sampled
by Hobson et al (3) were “D-off”’ cells, whereas Chu & Bloom (46) found that only
about one quarter were of this type. Hobson and his associates suggest that the
“D-off” cells fire in a reciprocal relationship with the cholinergic cells of the gigan-
tocellular tegmental field or FT'G of Berman (3). The latter cells increased firing rate
immediately prior to the cortical activation of REM sleep, and, during REM sleep,
increased firing rate further when PGO spikes occurred; the “D-off”” NE cells of the
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locus coeruleus were postulated to decrease their firing rate at the time that the FTG
cells increased their rate. These observations are the basis for one model of the
control system which might regulate the REM-nonREM cycle. Hobson et al (3)
suggest that cells from FTG and locus coeruleus (LC) send fibers to each other and
also back to the parent nucleus. Fibers from the locus coeruleus “D-off”* cells are
postulated to be inhibitory to themselves and to the giant cells of the FTG system.
Conversely, the FTG cells are postulated to be facilitatory to themselves and to the
locus coeruleus. In contrast to the hypothesis originally put forth by Jouvet (see
Introduction), this hypothesis suggests that NE neurons, or at least the “D-off cells
of LC, inhibit REM sleep. The model is discussed further in the next section on
ACh.

Evidence of CA activity may also be derived from examination of metabolites in
the cerebrospinal fluid and urine during sleep. Wyatt et al (47) reported that both
3-methoxy-4-hydroxyphenylglycol (MHPG), a major metabolite of NE, and
homovanillic acid (HVA), derived from DA, were higher during REM than in
nonREM sleep in man. Since these data were derived from patients with severe
dementia, interpretations must be made with caution. In cats sacrified during REM
sleep, the NE concentration in cerebral cortex was significantly decreased from
values obtained from nonREM sleep (27). This also might be consistent with reports
of increased firing of some NE neurons during REM sleep (3, 46).

Postprobenecid HVA levels in the CSF were positively related to mean duration
of REM sleep episodes in hypersomnic and narcoleptic patients and were higher in
hypersomnia patients with excessive REM than in narcoleptics or “mixed hyper-
somniacs” (48). (None of the three groups differed from control subjects, however.)
Likewise, postprobenecid HVA levels were lowest in patients with hyposomnia
characterized by greatly decreased total REM sleep and decreased mean duration
of REM sleep episodes (49).

Urinary MHPG, a substantial proportion of which is derived from brain, was
found to be inversely related to REM time and percentage of REM sleep and to be
unrelated to total sleep or delta sleep in psychiatric patients (50).

ACETYLCHOLINE

Unlike norepinephrine or serotonin, the evidence implicating acetylcholine in the
sleep-waking cycle is almost entirely indirect. Lesioning and stimulation techniques
have not been applied to study ACh in sleep for the simple reason that “cholinergic
tracts” in the brain have not yet been reliably mapped. In spite of the above
shortcomings there is strong converging evidence that ACh plays a dominant role
in the initiation of REM sleep and in the maintenance of cortical arousal. The
evidence may be summarized as follows.

Experimental Manipulation of the Central Cholinergic System

Extensive studies by Hernandez-Peon (51), using microcrystals of ACh in the cat,
led to the mapping of an organized cholinergic sleep system descending from the
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temporal medial and basal cortex, and ascending from the spinal cord, both of which
converged on a pontobulbar final common path. Direct transition from waking to
REM sleep or very long-lasting REM sleep episodes (up to 60 min) have been
obtained by local injections of ACh agonists (like ACh crystals, carbachol, oxo-
tremorine) into the pontine reticular formation (52, 53), including the FTG (54).
In addition, certain components of REM sleep such as atonia, PGO spiking, and
EEG desynchronization were produced by local injection of carbachol into the
dorsal anterior pontine tegmentum of cats (55).

Cholinergic agents seem to enhance REM sleep and/or produce arousal, whereas
anticholinergic drugs suppress REM sleep. It is of interest that intravenous adminis-
tration of physostigmine, an anticholinesterase agent, induced REM sleep in an
awake cat only if it had been pretreated with reserpine or had been transected at
the collicular or pontine level (56). If infused during nonREM sleep, however, it
induced REM sleep in man (57, 58) and cats (59). This effect was found to be both
dose- and time-dependent; 0.5 mg physostigmine, which induced REM when in-
fused during the first nonREM period in man, produced wakefulness when adminis-
tered during the first REM period or second nonREM period. A lower dose (0.25
mg), however, induced REM sleep without arousal when given during the second
nonREM period (58). Furthermore, administration of physostigmine (1 mg) by slow
i.v. drip beginning 35 min after sleep onset for 60 min accelerated the time of onset
of both the first and second REM periods without altering their duration (J. C.
Gillin, N. Sitaram, W. B. Mendelson, R. J. Wyatt, unpublished data) (Figure 1).
This suggests that cholinergic mechanisms may control the onset rather than the
duration of REM sleep; furthermore, once the early REM period was “moved
forward,” the later ones were also, suggesting that the onset of each REM period
is governed by the preceding one. Physostigmine-induced REM periods were also
associated with dreaming in man (N. Sitaram, A. Moore, and J. C. Gillin, 1977,
unpublished data).

The question of whether REM induction and arousal results from central nico-
tinic, or muscarinic actions or both of ACh remains unresolved. The report by
Domino et al (59) that the REM-enhancing actions of physostigmine and pilocar-
pine (a muscarinic agonist) were antagonized by atropine but not by methylatropine
or nicotinic blockers, trimethidinium and mecamylamine, supports a central musca-
rinic action. On the other hand, both nicotine (59) itself and piperidine (4), an
alicylic amine with nicotinic activity, induced REM sleep in cats. The central
muscarinic blocker, scopolamine, and the ACh synthesis blocker, hemicholinium-3,
consistently suppressed REM sleep (59, 60). Atropine, whose central action is about
eight times less potent than scopolamine, acted inconsistently (61, 62). There are no
studies on the action of the central nicotine blocker mecamylamine on the sleep-
waking cycle. .

Pompeiano and co-workers (63) have reported that intravenous infusion of phy-
sostigmine in precollicular decerebrate cats produced decerebrate rigidity and tonic
depression of both flexor and extensor spinal reflexes. Superimposed on this tonic
depression was a further phasic suppression associated with regular bursts of rapid
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Figure 1 Physostigmine resets REM sleep (ultradian) rhythm in man. Bolus and slow
infusions of physostigmine (0.5 mg and 1.0 mg, respectively) during the first nonREM period
in man induce the onset of REM periods without altering their duration. Moving the first REM
period forward also advances the onset of each of the subsequent REM periods (J. C. Gillin,
N. Sitaram, W. B. Mendelson, R. J. Wyatt, unpublished data).

eye movements. The phasic EMG suppression and eye movements were presumably
controlled by the medial vestibular nucleus and resulted from supraspinal descend-
ing inhibitory volleys from the pontine reticular formation.

A number of studies in cats have reported that physostigmine facilitated and
atropine suppressed PGO spikes produced by reserpinization (64), REM depriva-
tion (65, 66), and collicular and pontine transection (67). Both atropine and physos-
tigmine are said to affect PGO waves that occur in bursts (Type II) and not those
that appear singly (Type I).

Cholinergic Changes During Sleep

These studies, which rest on observations of physiological and neurochemical varia-
tions of acetylcholine systems under normal sleep and waking conditions, constitute
some of the most reliable evidence linking ACh to sleep-wake cycle. Increased
release of ACh during REM (as compared to nonREM) has been reported from the
cortex (68) and striatum (69) in conscious moving cats and in ventricular perfusates
of conscious dogs (70). ACh release was equal to or even greater than that during
the waking state. Since REM sleep is accompanied, however, by increased blood
circulation and temperature in the brain, it is not clear how spacific the ACh release
is to REM sleep.
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As mentioned earlier, Hobson and co-workers (3), using single cell recording
techniques in head-restrained cats, presented evidence that FT'G neurons increased
firing rates specifically and selectively during REM sleep. This was recently con-
firmed by Hoshino et al (71). Hobson et al suggest that these neurons are essential
for REM sleep. Siegel & McGinty (72), however, have recently reported that FTG
unit firing was selective not for REM sleep but rather for specific types of motor
activation in unrestrained freely moving cats. Hobson et al (3) claim that those FTG
neurons which generate REM sleep are cholinergic and cholinoceptive. That these
neurons are cholinoceptive is supported by histochemical studies of acetyl-
cholinesterase (AChE) activity (73) and by the report that iontophoretic administra-
tion of ACh chloride produced primarily excitation of these neurons (74). There is,
however, no evidence to date that the FTG neurons are cholinergic. This would
require demonstration of the presence of ACh, its precursor choline, and synthetic
enzyme choline acetyltransferase (ChAT) inside the neuron and the release of ACh
after presynaptic stimulation.

Richter & Crossland (75) showed that ACh content of whole rat brain increased
significantly during sleep. Recently, Giacobini’s group showed that piperidine in-
creased significantly in content during dormancy in mice (76) and snails (77).
Perfusion of piperidine into midbrain reticular formation of cats also induced REM
sleep (4). The systematic study of ACh steady state and turnover rates in different
parts of the brain during specific stages of normal sleep is in our opinion one of the
most fruitful areas of future exploration.

The effects of total or partial sleep deprivation upon ACh have also been studied.
REM sleep deprivation has been reported to produce a significant fall in brain ACh
in the telencephalon (78, 79). Levels of ACh in the striatum were significantly
enhanced (by 28%) after 10 days of REM deprivation in rats (80). Sagales &
Domino (81), however, were not able to document any change in whole brain ACh
content in REM-deprived mice. Tsuchiya et al (79) further reported that 24-hr total
sleep deprivation, in contrast to REM deprivation, increased rat telencephalatic
content of ACh. Scopolamine produced greater central anticholinergic effects (i.e.
memory deficit, hallucinations, etc) in normal human subjects deprived of sleep for
one night than in nondeprived controls (82). Conversely, physostigmine reversed the
subjective effects of vigilance impairment of deprivation of one night's sleep in the
subjects.

In summary, central cholinergic mechanisms seem to play a dominant role in the
initiation of both tonic and phasic components of REM sleep. They may also play
a direct or modulatory role in inducing EEG desynchronization (arousal) during
waking.

SLEEP FACTORS

In 1913 Pieron (1) reported that CSF from donor dogs, deprived of sleep for 10 days
or more, induced behavioral sleep in recipient dogs for several hours after intraven-
tricular injection. Similar results were claimed twenty-five years later by Schnedorf
& Ivy (83). They observed behavioral sleep in 9 of 20 recipient dogs injected
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intracisternally with CSF (8 ml) from donor dogs which had been sleep deprived
for 7 to 10 days; “sleep” was observed in 4 of 24 dogs receiving injections of CSF
from control dogs not deprived of sleep. The sleep-inducing effect of CSF from
experimentally sleep-deprived animals did not differ significantly from that of con-
trol animals, Chi-square test, performed by us. The “experimentally induced sleep”
was not normal since it was accompanied by increased body temperature and CSF
pressure.

Beginning in the mid 1960s, Pappenheimer and his associates (84, 85) reported
that intraventricular infusion in rats of CSF (0.1 ml over 30 min) from sleep-
deprived goats increased EEG slow-wave activity and decreased nocturnal motor
activity in the first 6 hr as compared with infusions of CSF from control goats. Later
studies indicated that the sleep-promoting factor (Factor S) would be extracted,
partially purified, and concentrated from CSF and from acid-acetone extracts of
brain stem and cortex of sleep-deprived goats and sheep; further, it was active in
rabbits as well asrats. SleepFactor S appears to be a peptide with a molecular weight
of 350-500; it is inactivated by pronase. Although normal human or goat CSF had
no effect in the rat activity assay after ultrafiltration and 20-fold concentration, a
50-fold concentration of normal human CSF did reduce nocturnal activity in rats
by 54%, suggesting that Factor S is normally present in low concentrations in man.
In addition, at least two excitatory peptides have been found in CSF (goat, human);
the molecular weight appeared to be 500 to 10,000 (85). A single intraventricular
injection of these peptides (less than 1 nmole) caused hyperactivity in rats for several
days to several weeks.

In support of the hypothesis that CSF contains both sleep-inducing and activity-
inducing substances, Sachs et al (86) compared the effects of rat CSF obtained from
the dark, active period with that from the light, inactive period of the diurnal cycle.
Intraventricularly administered CSF from light-exposed, inactive donor rats re-
duced motor activity in recipient rats during their dark-exposed active period.
Conversely, CSF from dark-exposed active rats increased motor activity in recipient
rats during their light-exposed inactive period. In contrast, Ringle & Herndon (87)
failed to detect sleep-promoting properties for CSF from sleep-deprived rabbits
when injected intraventricularly in rats, as measured by EEG patterns, ambulatory
activity, and behavioral observations.

Like Pappenheimer and his associates, Nagasaki et al (88) reported sleep-promot-
ing properties from brain extracts of rats who were kept awake by electric shock
at the onset of nonREM sleep. When a pooled extract from six sleep-deprived rat
brainstems was injected intraperitoneally into donor rats, decreased nocturnal
locomotor activity and increased delta activity were observed about 12 hr later. No
sleep-promoting activity was reported in brains of control rats. More recently,
Nagasaki et al (89) reported that the brain extract of sleep-deprived rats significantly
inhibited the spontaneous discharges of crayfish abdominal ganglion at low concen-

trations (10-° mole/ml). Extracts from control rats not deprived of sleep were

inhibitory at concentrations 1000-fold higher. Neither GABA nor 5-HT were shown
to be responsible for the inhibitory effect of this brain extract from sleep-deprived
animals.
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Drucker-Colin and his colleagues (4) reported that perfusates of the midbrain
reticular formation obtained from sleeping cats induced sleep when perfused into
the midbrain or preoptic area of waking recipient cats; likewise, awake donor’s
perfusate tended to awaken sleeping animals. The active component of the perfusate
has not been characterized. Furthermore, peak release of proteins from the midbrain
reticular formation was highest during REM sleep.

In a series of studies beginning in the early 1960s, Monnier and his associates (90,
91) reported that delta waves could be induced in recipient rabbits with the systemic
or intraventricular administration of a dialysate of cerebral venous blood obtained
from donor rabbits who responded with increased cortical EEG slow-wave activity
to electrical stimulation of the “sleep area™ in ventromedial thalamus. Increased
“sleep” in the recipient was measured by increased delta activity and decreased
locomotor activity. No significant change developed in arterial blood or cerebrospi-
nal fluid pressure, or respiration rate. Mild bradycardia accompanied the “delta
sleep,” as it does during physiological sleep.

More recently, Monnier et al (91) found that sleep factor delta was a nonpeptide
with the sequence of Trp—Ala-Gly-Gly-Arp—-Ala-Ser-Gly-Glu, which induces
spindle and delta EEG activity in recipient rabbits.

In contrast to Pappenheimer’s Sleep Factor S, the effects of which begin 2 hr after
the infusion and last 5 or more hours, Monnier’s sleep factor delta has effects that
begin quickly after the onset of the infusion and end quickly after the end of the
infusion.

The existence of bloodborne sleep factors has also been suggested by the observa-
tion that pairs of parabiotic rats display significantly higher synchronization rates
of REM sleep than control pairs of rats who are attached by skin only (92). In
contrast, evidence against the bloodborne hypnotoxin includes the observations of
completely independent sleep patterns in human Siamese twins joined at the head
(93) and in the dog with an extra head transplanted into its circulation (94).

DISCUSSION

Despite the considerable amount of research over the past 70 years, the neurochemi-
cal basis of sleep and wakefulness remains elusive. Both 5-HT and “sleep factors™
have been hypothesized to initiate and maintain nonREM sleep. The data support-
ing this role for serotonin come primarily from studies with PCPA and raphe
lesions. The data favoring sleep factors came originally from studies in which
semipurified chemicals were isolated from sleep-deprived animals and administered
to donor animals with a resulting increased slow activity and decreased motor
activity.

Unfortunately for the theory that 5-HT plays a role in nonREM sleep, consider-
able evidence exists that fails to support it. Long-term depletion of brain S-HT by
either raphe lesions or the administration of PCPA has not been found to produce
long-term loss of sleep. Moreover, not all investigators are in agreement that deple-
tion of brain 5-HT by raphe lesions or pharmacologic agents necessarily reduces
sleep time. Furthermore, electrical stimulation of raphe neurons or administration
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of 5-HT precursors have generally failed to increase total sleep and, to the contrary,
may cause arousal in some circumstances. Single-cell recordings from raphe neurons
have not produced evidence that strongly favors a role for 5-HT neurons in the
intiation or maintenance of nonREM sleep.

Much of the evidence does suggest, however, that 5-HT is involved in regulation
of states of consciousness even if not in the role first formulated. Evidence from
studies of raphe lesions, of pharmacologic depletion and repletion of brain SHT, and
of single-cell recordings support the hypothesis that-5-HT—containing neurons play
a prominent role in the regulation of PGO spikes. It is also possible that 5-HT is
one component in a system of balances, a homeostatic system possibly involving
catecholamines and other neurotransmitters that regulate sleep-wakefulness states;
this interpretation might be consistent with the following observations: (2) a tran-
sient loss of sleep results whenever brain concentrations of 5-HT are rapidly re-
duced, such as with raphe lesions, administration of PCPA in high doses, or
withdrawal from high doses of 5-HTP; presumably, a new homeostatic balance
develops after acute perturbation of brain 5-HT; (&) the loss of sleep that develops
after raphe lesions or administration of PCPA may be reversed by administration
of AMPT or chlorpromazine, agents that respectively block the synthesis of CA and
DA receptors, thus antagonizing a hypothesized DA waking system which is bal-
anced by 5-HT.

Whether or not 5-HT plays a role in “priming” REM sleep must also await
further investigation. Such an interpretation is consistent with reports of decreased
REM sleep following low doses of PCPA in man or methysergide and of increased
REM following administration of low doses of 5-HTP or MAO inhibitors in
man (8).

The importance of sleep factors can hardly be judged at the present time, if only
because relatively little attention has been given to them. At this writing, no pub-
lished accounts appear to exist on the effect of a sleep factor on the conventionally
recorded sleep stages (REM and nonREM) sleep. Thus, it is not known whether
these sleep factors produce normal physiological “sleep.” The recent synthesis of
delta sleep-inducing factor by Monnier et al (91), however, suggests that progress
in this area may be rapid and exciting.

As in the case of 5-HT, the role of CA systems is not fully understood. Much
evidence suggests that some DA and NE neurons may inhibit REM sleep, that is,
acute studies that have either administered DA and NE agonists, a-receptor block-
ers (thymoxamine, phenoxybenzamine), or inhibitors of CA synthesis and storage
(AMPT, reserpine), or that followed the activity of single “D-off”’ cells during REM
sleep episodes. Conflicting evidence may come, however, from studies in which
lesions of either the LC or mesencephalic tegmentum failed to affect total REM sleép
time. Portions of the LC may be necessary, however, for the muscle atonia of REM
sleep. Pharmacological blockade of DA receptors with chlorpromazine and similar
agents in man and animals have not generally been shown to increase REM sleep.
Some evidence also suggests that DA neurons are involved in cortical or behavioral
activation; that is, acute administration of DA agonists increased arousal whereas
lesions of DA neurons within ventral mesencephalic tegmentum reduced it. Again,
however, pharmacologic blockade of DA receptors does not usually increase total
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sleep time in man or animal, suggesting a distinction between central mechanisms
for EEG and behavioral arousal.

Acute pharmacologic studies now indicate that cholinergic facilitation induces
REM sleep and cortical activation, whereas cholinergic blockade inhibits REM
sleep and promotes cortical deactivation. With chronic treatment, however, toler-
ance develops to the REM inhibitory effect of scopolamine. Furthermore, choliner-
gic mechanisms may be involved in the initiation of REM sleep rather than a
maintenance or duration. Because of our limited knowledge of the neuroanatomic
organization of the cholinergic neurons of the brain, a full interpretation of the role
of the cholinergic system is premature.

At least two separate mechanisms have been described that can hasten the onset
of REM sleep following the onset of nonREM sleep: cholinergic facilitation or a-
adrenergic blockade. Sleep onset REM periods (wakefulness > REM — nonREM)
appear, however, to be more difficult to induce experimentally by pharmacological
techniques but have been reported with administration of physostigmine in reserpi-
nized or brain stem-transected cats and of cholinergic agonists directly into brain
stem in intact cats (51-56).

Sleep research in the future will undoubtedly benefit from many exciting new
developments in neurobiology. Knowledge about the role of receptors has grown
rapidly in recent years and a host of relatively unexplored transmitters and
neuroregulators have been identified, whose role, if any, in sleep is relatively un-
known (endorphin, enkephalin, substance P, neurotensin, somatostatin, adenosine,
and others).
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