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INTRODUCTION

Deemed to be discovered in the 1950°s, the state of rapid eye movement sleep
(REMS) was first identified and so-named for the occurrence of rapid eye move-
ments during behavioral sleep in humans by Aserinsky and Kleitman (2).
Subsequently identified by Dement (10) and by Jouvet (46) in cats, this state was
called paradoxical sleep (PS) by Jouvet to capture its essence, being the apparent
contradictory association of central activation. evidenced by rapid eye movements
and fast cortical activity, with peripheral inactivation, evidenced by behavioral sleep
and neck muscle atonia. Indeed despite the cortical activation, this state was found
to be the deepest state of sleep in terms of the thresholds for sensory-motor reflex-
es, responses and arousal. Its paradoxical nature was further brandished by assign-
ing it other contradictory names of “active sleep™ for the rapid eye movements, mus-
cular twitches, and cortical activation, on the one hand or “deep sleep™ for the pro-
found sensory-motor inhibition on the other. It was during this state that dreaming
was reported to occur by Dement in humans (9) and evidenced to occur by Jouvet in
cals (48). As the state of dreaming when mental images or behaviors are internally
generated, REMS or PS may have first been described as a unique state in the 2"
millennium B.C. within the texts of the Upanishads dated back to that period (71).
The challenge of the 2™ millennium A.D. has been the electrophysiological appre-
hension and comprehension of the neuronal networks that are involved in promot-
ing and permitting this paradoxical state as will be reviewed in this chapter.

IDENTIFICATION BY TRANSECTIONS AND LESIONS OF THE
ESSENTIAL PS PROMOTING BRAIN REGIONS

In the 1950°s and 60’s. Jouvet and colleagues searched for the source of the low
voltage fast cortical activity on the electroencephalogram (EEG) and the neck mus-
cle atonia on the electromyogram (EMG) that reflect the essential paradoxical asso-
ciation of cortical or central activation with body muscle or peripheral inactivation
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(45, 46). As depicted upon a sagittal diagram from the rat brain (Fig. 1). these phe-
nomena were found to emanate from the brainstem, since they were differentially
affected by transections through different levels of the brain (47). Following isola-
tion of the cerebrum from the brainstem by a transection through the rostral mesen-
cephalon (Fig. 1, RM) representing the cerveau isolé preparation in cats, sponta-
neously occurring cortical activation could no longer be identified during periods of
sleep in the forebrain indicating that PS forebrain activation depended upon the
brainstem (47. 92). On the other hand. the intact brainstem behind the transection at
the rostral mesencephalic level was capable of generating rapid eye movements with
muscle atonia indicative of REMS or PS. Indeed, even when the entire forebrain was
removed from the cranium in front of a section that left intact the brainstem and a
small portion of the hypothalamus (Fig. 1. RM), the brainstem continued o gener-
ate PS in chronic preparations (47). According to these results, PS was considered
by Jouvet to represent a rhombencephalic state of sleep for which the brainstem was
both necessary and sufficient (47).

Within the brainstem, the pons was subsequently shown to be the most important
for the generation of PS in cats (47). First. after transections through the rostral pons
(Fig. 1, RP). PS persisted in the periphery marked there by the periodic occurrence
of neck muscle atonia, though without rapid eye movements which depended upon
the integrity of the mesencephalon together with the pons. Interestingly, in earlier
experiments in dogs, a total transection through the rostral pons was also reported
by Keller (55) to be followed by periods of generalized muscle atonia and areflexia.
In contrast, periodic muscle atonia or peripheral PS no longer occurred after tran-
sections through the caudal pons in cats (Fig. 1, CP) (47). It was clear from these
experiments that the pons contained neurons critical for the generation of PS and the
generalized motor inhibition integral to that state.

Within the pons, the reticular formation was found to contain the essential neuronal
networks for PS. Following large electrolytic lesions centered in the caudal pontine
reticular formation (RF PnC, Fig. 1). all signs of PS were found to be eliminated by
Jouvet (47). Electrolytic lesions centered more rostrally in the oral pontine reticular
formation (RF PnO, Fig. 1) were on the other hand claimed by Carli and Zanchetti
(6) to be more effective in eliminating the state. In subsequent studies employing bet-
ter controlled thermal lesions (produced by radio frequency instead of direct current),
it was established that the most effective lesions were not those which destroyed the
gigantocellular field centered in the medial caudal pontine reticular formation but
instead those which destroyed fields located in the more intermediate and rostrally
located oral pontine reticular fields (16). Thus the neuronal systems critical for gen-
erating the state of PS were localized to the oral pontine reticular formation.

Whereas very large lesions were necessary for the elimination of the state. includ-
ing both phasic rapid eye movements or their central corollary ponto-geniculo-
occipital (PGO) spikes and neck muscle atonia in association with cortical activa-
tion, small localized lesions in the pons were found by Jouvet to selectively affect
the neck muscle atonia and motor inhibition of PS (48). Restricted lesions, which
left intact major proportions of the PS generating cell population and thus allowed
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Fig. 1. Schematic sagittal view of rar brain showing the major newronal svstems and their ¢ excitatory,
ending as arrows, and inhibitory, ending as blocks) pathways involved in promoting the EEG fast activ-

ity tupper left) and EMG muscle atonia (lower right) characteristic of rapid eve movement or paradox-
feal sleep (REMS or PS).

The essential neurons for PS were localized to the brainstem following transections (dashed lines) since
the state persisted in the brainstem and not the forebrain following transections at the level of the ros-
tral mesencephalon (RM). The most important population of neurons was localized to the pontine
legmentum since periods of muscle atonia persisted in the periphery after transections at the rostral pons
(RP) but not after those al the caudal pons. Within the pons. neurons within the oral pontine reticular
formation (PnQ) were found 1o be critical since their destruction by lesions resulted in the elimination
ol the sue. They together with other neurons (below) send ascending projections along the major
ascending pathways of the activating system to relay in the thalamus and basal Torebrain where other
neurons project to the cortex o stimulate cortical activation. They also send descending projections to
the spinal cord. in part directly and in part via relays in the alpha and ventral gigantocellular fields (GiA
and GiV) of the medullary reticular formation, through which the motor inhibition is effected. Neurons
containing different transmitters segregated or intermingled in different brainstem cell groups serve 1o
promote PS by discharging prior to and during PS (On, shown by filled symbols), whereas others serve
to permit PS by ceasing discharge prior to and during PS (Off. shown by empty symbols). Cholinergic
neurons. that release acetylcholine (ACh) and are located in the laterodorsal and pedunculopontine
tegmental nuclei (L.DTg and PPTg) are entically mvolved in promoting PS through their projections
locally into the bramstem reticular formation and particularly the PnO, where they may inhibit local
GABAergic neurons and directly excite glmamatergic neurons, as well as rostrally into the forebrain.
Noradrenergic (NA) locus cocruleus (LC) and serotonergic (Ser) dorsal raphe (DR) neurons that dirvect-
ly inhibit the cholinergic neurons permit PS to occur by ceasing their discharge. The arrest of their dis-
charge is effected by local GABAergic PS-On neurons, which may be excited by ACh. GABAergic neu-
rons in the caudal pontine (PnC) and medullary reticular formation (Gi. GiA and GiV) may also inhib-
it local reticulo-spinal and serotonergic raphe-spinal neurons to effect a disfacilitation of motor neurons.
In addition. GABAergic (and glycinergic, not shown) neurons in the ventral medullary reticular forma-
tion (GiA and GiV) that project to the spinal cord may directly inhibit motor neurons. One unique group
of GABAergic neurons in the PnO ceases discharge during PS 1o disinhibit PnO glutamatergic neurons
that propagate the ascending und descending correlates of the state. In the ascending pathways,
dopaminergic (DA) neurons of the ventral tegmental area (VTA). which are excited by the cholinergic
neurons, are also active during PS (On) and may stimulate activation of the limbic svstem. The cholin-
ergic basal lorebrain neurons (S and septum) directly stimulate limbic (hippocampus, Hiy and neo-cor-
tex (Cx) during PS o produce theta and gamma EEG activity. Moditied from (43).
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rapid eye movements with PGO spikes to occur with cortical activation, were asso-
ciated with the release of REMS behavior or acting out of dreams in cats (24, 81).
This same phenomenon was more recently discovered to occur with restricted brain-
stem lesions in humans and called REMS behavior disorder (82). The most effective
lesions in cats were located in regions of the intermediate reticular fields of the pons
(16, 78), what is referred to in the rat brain as the subcoeruleus including importantly
the dorsally located alpha part situated immediately ventral to the locus coeruleus
nucleus (42) (Fig. 2, SubC and SubCA).

Despite evidence for atonia-promoting neurons being concentrated in the inter-
mediate oral pontine reticular fields including the subcoeruleus region, results also
indicated that neurons involved in the initiation and relay of atonia form a larger net-
work including both the pontine and medullary reticular formation. In the pons,
more extensive lesions in the reticular formation were necessary to eliminate mus-
cle atonia using neurotoxins, which destroy nerve cell bodies without damaging
fibers of passage. than those using electrolytic or thermal techniques, indicating
involvement of a relatively large population of neurons (94). From the early studies
of Magoun and Rhines (63), employing electrical stimulation, it had been known
that the medullary reticular formation also has the capacity to effect motor inhibi-
tion. The ventral portion of the medullary gigantocellular field was found to be most
important for this action (Fig. 1, GiA and GiV). Interruptions of the descending path-
ways from the pontine tegmentum to the ventral medulla by small ventrally placed
knife cuts at the level of the caudal pons (Fig. 1, CP) eliminated muscle atonia of PS
(93), confirming the importance of the ponto-medullary projection for the initiation
of atonia. Neurotoxic lesions of the neurons in the ventral medullary reticular for-
mation, like those in the pons, diminished muscle atonia and motor inhibition (26),
confirming the role of medullary neurons as a relay for atonia. Yet, there was recov-
ery and a less marked loss of neck muscle atonia following medullary cellular
lesions as compared to pontine cellular lesions (94), indicating that even though it is
part of a larger ponto-medullary network, the pontine tegmentum must still be con-
sidered to be the most important for the initiation and effectuation of muscle atonia.

IDENTIFICATION BY DRUGS, LOCALIZATION AND LESIONS
OF THE CHEMICALLY SPECIFIC PS PROMOTING CELL GROUPS

In the 1960's and 707s, pharmacological studies clearly revealed the importance
of acetylcholine (ACh) for cortical activation, primarily during waking and secon-
darily during PS (49). Diminishing the synthesis of ACh by blocking the high affin-
ity uptake of choline (with hemicholinium-3) decreased waking (23). Cortical acti-
vation was prevented and replaced by cortical slow waves by blocking muscarinic
receptors (with atropine or scopolamine) (61). Enhancing levels of ACh by inhibit-
ing its degradative enzyme, acetylcholinesterase (AChE, with physostigmine). stim-
ulated cortical activation and waking but not PS in intact animals (11). Similarly,
administration of nicotine or muscarinic agonists (arecoline or pilocarpine) stimu-
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Fig. 2. Composite of coronal sections through the mesencephalon (A3.40). oral pons (A0.28), caudal
pons (PO.30) and rostral medulla (£1.90) of the rat brain showing PS-promoting (On) and PS-permit-
ring (Off) newrans.

Converging evidence from unit recording and c-Fos activation, which allows immunohistochemical
identification of active cells, indicates that cholinergic LDTg and PPTe neurons are active during PS and
may excite glutamatergic reticular neurons of the PnO reticular formation which are also active and gen-
erate both ascending and descending processes respectively involved in cortical activation and periph-
eral muscle atonia. Also excited by ACh and active during PS are DA-containing neurons of the VTA
which send ascending impulses to the limbic system. GABAergic PS-On neurons are located in the cen-
tral gray where they may promote PS by inhibiting the NA- and Ser-containing neurons, which are PS-
Off and permitting since they inhibit the PS-On cholinergic cells. GABAergic PS-On neurons are also
distributed through the reticular formation where they presumably inhibit other reticulo-spinal and
raphe-spinal neurons or project directly to the spinal cord from the medulla to effect a respective disla-
cilitation and inhibition of motor neurons. Finally. critical PS-permitting GABAergic PS-OIT neurons
are located in the oral pontine reticular formation (PnO) where they hold the glutamatergic neurons
under inhibition during W and permit them to discharge during PS 1o effect the ascending and descend-
g components of the state.

lated cortical activation and waking (49, 53). However. in the rhombencephalic
preparation (above), physostigmine was found to elicit PS complete with rapid eye
movements, pontine spikes and muscle atonia (47, 67). Atropine prevented this
effect. Most dramatic of all, it was discovered that local injection of the mixed mus-
carinic/nicotinic agonist, carbachol. into the oral pontine reticular formation elicited
PS in intact cats ( 18). This induction of PS by carbachol has been studied by many
groups in cats and rats over many years to substantiate and localize the most effec-
tive sites of injection in the pons (4, 17, 20, 28,90, 91). In general. the effective sites
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were found within the region where lesions also eliminated the state of PS and across
groups have included the entire oral pontine reticular formation. Some groups,
nonetheless, maintain that the dorsal subcoeruleus alpha (and peri-alpha) region is
most effective (90). However, large populations of pontine reticular neurons are like-
Iy involved in propagating the ascending forebrain activation, including limbic and
neo-cortical theta and gamma activity, and the descending peripheral muscle atonia.
Large numbers of neurons in the oral pontine reticular field give rise to ascending
forebrain or descending spinal and/or brainstem projections, and small numbers even
to both ascending and descending projections. such as to have the collective capaci-
ty to mediate both ascending and descending components of PS (34) (Fig. 1).

By histochemical staining for the degradative enzyme. AChE. Shute and Lewis
documented in the 1960°s the existence of putative cholinergic neurons in the brain-
stem and forebrain (84). From their results, it was long believed that the neurons of
the brainstem reticular formation were cholinergic (68). Only vears later by
immunohistochemical staining for the synthetic enzyme, choline acetyltransferase
(ChAT). was it apparent that only limited groups of neurons in the pontine tegmen-
tum were cholinergic (1, 35). These are located in the laterodorsal and pedunculo-
pontine tegmental nuclei (LDTg and PPTg, Fig. 1). They are situated in a region that
lies behind the most caudal transection that allowed the persistence of PS in the cat
(Fig. 1, above) (39). They give rise (o projections into the reticular formation,
including the oral pontine reticular formation where carbachol induces PS (38).
They also give rise to ascending projections, most particularly to the thalamus and
the nuclei of the nonspecific thalamo-cortical projection system through which they
stimulate cortical activation (22, 36, 37). Some fibers pass ventrally through the
extra-thalamic pathway up to the forebrain where they reach the cholinergic cell
group in the basal forebrain. The basal forebrain cholinergic neurons project to the
cerebral cortex to directly stimulate cortical activation, including theta and gamma
activity during waking and PS (44) (Fig. 1).

Neurotoxic lesions of the cholinergic LDTg and PPTg neurons resulted in a loss
of PS in cats (94). After 3 weeks during which some PS and PGO spikes reappeared
in some animals, the percent PS and number of PGO spikes were positively corre-
lated with the number of remaining ChAT-immunopositive (ChAT+) neurons in the
pons. These results clearly demonstrated the importance of the brainstem choliner-
gic neurons in the generation of PS.

In addition to ACh. the excitatory amino acid glutamate is important in PS. The
state of PS was induced by local delivery of the glutamate agonist, kainate. into the
pontine tegmentum and particularly into the subcoeruleus alpha region (3, 74). Thus,
glutamatergic input to the pontine reticular formation can elicit PS. According to
high concentrations of glutamate and also phosphate-activated-glutaminase. its syn-
thetic enzyme, the major population of neurons that form the reticular formation uti-
lize glutamate as a neurotransmitter (42, 50). These include the large reticular neu-
rons of the oral pontine reticular formation. Thus it is not surprising that as the neu-
rotransmitter of the reticular formation, glutamate, would be important in eliciting
and generiating PS.
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IDENTIFICATION BY DRUGS, LOCALIZATION AND LESIONS
OF THE CHEMICALLY SPECIFIC PS PERMITTING CELL
GROUPS

Early pharmacological evidence in the 1970's indicated that the monoamines
(MA) could play a reciprocal role to that of ACh such as to prevent the appearance
of PS. Such a relationship could explain why enhancement of ACh with physostig-
mine enhanced only waking when administered alone (above). but elicited PS when
administered following depletion of the MA with reserpine in rats (51). By itself,
reserpine also resulted in a release of PS phasic phenomena, PGO spikes, into the
waking state in cats (49). Moreover, enhancing levels of monoamines by preventing
their catabolism with monoamine oxidase (MAQ) inhibitors eliminated PGO spik-
ing and PS for prolonged periods (31, 49).

By histochemical techniques, serotonin (Ser. or S-hydroxytryptamine, 5-HT)- and
catecholamine (CA)-containing neurons were respectively localized to the midline
and intermediate regions of the brainstem in rats and cats (8. 75). Lesions of the Ser-
containing raphe neurons led to the release of PGO spikes into waking. while PS was
diminished along with slow wave sleep (SWS) (49), As only later understood to be
due to destruction of adjacent or overlapping pontine reticular and cholinergic neu-
rons, lesions of the noradrenaline (NA)-containing locus coeruleus neurons pro-
duced decreases in PS, associated however with a release of PGO spikes into SWS
(33. 49, 94). In contrast, lesions of the dopamine (DA)-containing neurons did not
appear to affect PS in any fundamental way (32). So. results of lesions must be inter-
preted in light of collateral damage to adjacent structures but nonetheless corrobo-
rate a restraining influence by serotonergic and noradrenergic neurons upon the
appearance of the phasic phenomena of PS evident as PGO spikes in SWS and wak-
ing that are normally conlined to PS. Pharmacological and lesion studies thus
revealed an inhibitory role for Ser and NA that was subsequently to be called “per-
missive” lor PS (25).

Most recently an important permissive role of GABA in the generation of PS has
also become apparent through the effects of blocking GABAergic transmission by
local injections of the GABA | receptor antagonist bicuculline into the oral pontine
reticular formation of the cat (97). Bicuculline, which would prevent the
GABAergic inhibition of the reticular neurons, elicited PS. The same effect has now
been obtained in rats by other groups (5. 76, 80). These results reiterate the impor-
tance of the pontine reticular neurons in generating PS but also indicate that
GABAergic input 1o these reticular neurons may normally hold them under inhibi-
tion such as to prevent the appearance of the muscle atonia and other paramelters of
this state intruding into waking. Such GABAergic neurons could also be considered
permissive for PS since they would have to cease firing prior to PS (o lift the inhi-
bition from the PS generating reticular neurons. GABAergic neurons are predomi-
nantly small neurons distributed through the reticular formation of the brainstem.
including the midbrain, pons and medulla (14, 41, 42). Although some are long pro-
jecting neurons, most appear 1o be locally projecting neurons (27). Different groups
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of GABAergic neurons may play different roles in generating PS and its ascending
or descending components as considered below.

IDENTIFICATION BY UNIT RECORDING, C-FOS EXPRESSION
AND TRANSMITTER RELEASE OF THE CHEMICALLY SPECIFIC
PS PROMOTING AND PERMITTING CELL GROUPS

From early unit recording studies, it appeared that the majority of neurons in the
pontine reticular formation increased their rate of discharge during PS and could
thus be involved in promoting that state (85). Interestingly. however. a minority of
neurons decreased or ceased their discharge during PS and could thus be involved in
normally preventing that state in what was considered to be a permissive role. The
challenge in understanding the relative roles of different neurons has been to estab-
lish the neurotransmitter identity of the recorded cells. For most transmitter cell
types that are intermingled with other transmitter cell types in the tegmentum., it has
not been possible to identify them up to now. Only by application of juxtacellular
labeling of neurons recorded during sleep-wake states in head-fixed animals will this
identification be possible as has only recently been performed in the basal forebrain
(59). In the mean time, expression of c-Fos has been employed as a reflection of neu-
ronal discharge and combined with immunohistochemical staining for neurotrans-
mitter identity of the ¢-Fos expressing neurons. Combined with knowledge of spe-
cific newrotransmitter release during PS, the chemically specific neurons have
accordingly been identified that serve to promote or permit PS.

CHOLINERGIC PS-PROMOTING NEURONS

Neurons in the region of the LDTg and PPTg, where cholinergic neurons reside.
were found to discharge at high rates during PS as well as waking, relative to SWS
and thus considered to be W/PS-On cells (13. 54, 86. 87). Interestingly, some neu-
rons discharged at particularly high rates during PS and at minimal rates during wak-
ing and were thus considered to be selective PS-On neurons. The discharge rate of
all PS-On cells increased in the transition period leading up to PS. Certain PS-On
neurons discharged in bursts in association with PGO spikes. Thus. “possibly’
cholinergic neurons could discharge in association with the cortical activation of PS
and waking as W/PS-On neurons, or selectively in association with the muscle ato-
nia or PGO spiking of PS. as selective PS-On neurons involved in promoting that
state. However, prool was lacking from the electrophysiological experiments that
the active neurons were cholinergic, since cholinergic neurons are co-distributed
with a large number of non-cholinergic neurons, including GABAergic neurons, in
the LDTg and PPTg (14).

Recent studies employing ¢-Fos in combination with immunohistochemistry lor
ChAT showed that the numbers of ¢-Fos expressing neurons that were ChAT-
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mmunopositive (+) were greatly increased following rebound of PS (65). Moreover,
the number of ¢c-Fos+/ChAT+ neurons was positively correlated with the% PS across
PS rebound, deprived and control conditions. These results supported the contention
that cholinergic brainstem neurons are active during PS (Figs. 1, 2). Since there were
more ¢-Fos+/ChAT+ cells in the PS rebound than in the PS deprived group. the data
would also suggest that some cholinergic neurons are selectively active during PS,
perhaps in addition to others that are also active during waking. From the electro-
physiological and c-Fos results, it is thus supposed that many cholinergic ponto-
mesencephalic neurons are active selectively during PS and some are active during
both PS and waking. These different cell groups could potentially play specific roles
in muscle atonia or PGO spiking or in W/PS cortical activation.

The release of ACh in the thalamus, 1o where ponto-mesencephalic cholinergic
neurons project, is high during both waking and PS relative to SWS (96), providing
evidence that the cholinergic neurons are predominantly W/PS-On cells. Yet, release
of ACh in the pontine reticular formation. where carbachol injections elicit PS
(above). is selectively higher during PS than during both W and SWS (56). These
results would indicate that different groups of cholinergic cells with forebrain vs.
brainstem projections may be differentially active in waking and PS with one group
being selectively active in PS to promote that state.

MONOAMINERGIC PS-PERMITTING NEURONS

That serotonergic and noradrenergic neurons could suppress the appearance of PS
as indicated by pharmacological evidence (above) was supported by the profile of their
firing across states in the early recording studies within the dorsal raphe and locus
coeruleus. Possibly serotonergic neurons were found to cease their discharge prior to
and during PS (69, 70) and possibly noradrenergic neurons were found to do the same
(25. 68). The reciprocal changes in discharge rate between the putative noradrenergic
locus coeruleus neurons and the pontine reticular neurons suggested that a reciprocal
interaction between these cell groups could underlie the cyclic appearance of PS.

Although neither serotonergic nor noradrenergic neurons have been identified as
such in recording studies in the cat or the rat (3, 30, 89). it has become generally
accepted that these neurons are active during waking, decrease their rate of firing
during SWS and cease firing during PS. This supposition has recently been sub-
stantiated by dual-immunostaining of ¢-Fos expressing neurons for Ser or tyrosine
hydroxylase (TH). the synthetic enzyme for catecholamines (65). Whereas the num-
ber of c-Fos+/ChAT+ neurons was greater in PS rebound than PS deprivation
(above). the numbers of c-Fos+/Ser+ and c-Fos+/TH+ neurons were lesser in PS
rebound than PS deprivation and their numbers were negatively correlated with
the% PS across conditions and groups in the same animals (Figs. 1, 2). On the other
hand, dopaminergic neurons of the ventral tegmental area (VTA) appear to be active
during PS and perhaps through their ascending projections into the limbic system
may contribute to the emotional tenor of this state (64) (Figs. 1, 2).
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Certain pharmacological data has provided further support for the notion of reci-
procal interaction between serotonergic/noradrenergic PS-Off neurons and choliner-
gic PS-On neurons. In vitro studies have indeed shown that most identified cholin-
ergic LDTg/PPTg neurons are hyperpolarized and inhibited by serotonin and NA
(60, 62, 95). Yet. the activity of possibly cholinergic W/PS-On neurons and the
equivalent release of ACh during waking and PS from the thalamus (above) indicate
that some cholinergic neurons may also be active in parallel or even tandem with the
monoaminergic neurons. This paradox could be explained by different subgroups of
cholinergic cells, some being selectively PS-On and others W/PS-On that could be
differentially modulated by the monoamines. In recording studies combining micro-
dialysis of drugs in the LDTg. it was found that neurons which were selectively
active during PS were inhibited by the serotonin (5-HT, ) receptor agonist, 8-
hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT), whereas those which were
active during both waking and PS were not inhibited by 8-OH-DPAT (88). suggest-
ing different putative cholinergic cell groups might be differentially affected by Ser
and thus comprise PS-On and W/PS-On neurons. Recently, in examining adrenergic
receptors on cholinergic LDTg/PPTg neurons in the rat, it was discovered that
whereas the majority of’ ChAT+ neurons bear o -adrenergic receptors, which are
associated with hyperpolarizing or inhibitory actions of NA, others bear o, -adrener-
gic receptors, which are associated with depolarizing or excitatory actions of NA

(29), suggesting that in their response to NA some cholinergic neurons would be
selectively PS-On whereas others would be W/PS-On.

Whereas presumed selective PS-On cholinergic neurons are inhibited by NA, all
noradrenergic neurons have been found to be excited by ACh (12). Accordingly, they
could not be turned ofl during PS by a direct action o’ ACh upon them in a direct
reciprocal manner. Their inhibition could instead occur via the intermediary of local
GABAergic neurons (40).

GABAERGIC PS-PROMOTING NEURONS

In studies employing c-Fos activation, it also appeared that many GABAergic
neurons in the periventricular and periaqueductal gray region surrounding or inter-
mingled with the serotonergic and noradrenergic neurons were active during PS (65)
(Figs. 1, 2). The number of ¢c-Fos expressing neurons that were immunopositive for
glutamic acid decarboxylase (GAD), the synthetic enzyme tor GABA. was greatly
increased with PS rebound. The number of ¢-Fos+/GAD+ neurons was also posi-
tively correlated with the % PS in a parallel manner to that of the c-Fos expressing
cholinergic neurons and an inverse manner (o that of the c-Fos expressing
monoaminergic neurons. Increased activity by the GABAergic neurons innervating
the monoaminergic cell groups during PS was also evident by measurement of
increased GABA release during PS in the dorsal raphe and locus coeruleus (72, 73).
And antagonism of the GABA  receptor with bicuculline in the locus coeruleus
could both prevent the cessation of discharge by the locus coeruleus neurons and dis-
rupt the occurrence of PS (19, 52).
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In addition to those surrounding monoaminergic neurons, many GABAergic
neurons in other regions appear from c-Fos activation 1o be active during PS. These
include GABAergic neurons in the LDTg and PPTg that are active in parallel with
the cholinergic neurons therein (65) and could correspond to thin-spike presumed
non-cholinergic neurons that have been found in recording studies to be active like
the presumed broad-spike cholinergic cells during PS (79) (Figs. 1, 2). They also
include large numbers of c-Fos/GAD+ neurons located in the mesencephalic, cau-
dal pontine and medullary reticular formation (66) (Figs. 1, 2). These GABAergic
PS-On neurons are presumed to be PS-promoting through inhibition of neurons
that must be turned oft for PS to occur (Figs. 1, 2). The latter neurons would
include excitatory reticulo-spinal and raphe-spinal neurons as well as motor neu-
rons in the brainstem and spinal cord that cease discharge during PS. Such PS-Off
reticular and motor neurons are turned off by both disfacilitation and inhibition,
effected by decreasing facilitatory. including monoaminergic, inputs and increas-
ing inhibitory, including GABAergic and glycinergic, inputs (7. 15, 58, 77).
Indeed. during carbachol-induced PS, monoamine release is reduced and GABA in
addition to glycine release is increased in the medullary reticular formation and
motor nuclei (57).

GABAERGIC PS-PERMITTING NEURONS AMONG GLUTA-
MATERGIC PS-PROMOTING NEURONS

Whereas ¢-Fos+/GAD+ neurons were increased in number in most regions of the
brainstem during PS rebound. they were actually decreased in number in the oral
pontine reticular formation, where c-Fos+ non-GABAergic reticular neurons were
increased in number (66). These results suggested that such GABAergic neurons
could be PS-Off neurons and involved in disinhibiting local reticular neurons that
are actively involved in generating PS. Indeed this interpretation was substantiated
by pharmacological results showing that bicuculline injected into the oral pontine
reticular formation could elicit PS (above) (97). The c-Fos results indicated that
local GABAergic neurons would be one important source of the inhibition on PS-
On, presumed glutamatergic reticular neurons during waking and perhaps also
though to lesser degree, SWS (Figs. 1. 2). Input from LDTg/PPTg cholinergic PS-
On neurons could be inhibitory to the local GABAergic neurons and excitatory to
the glutamatergic reticular neurons in the oral pontine reticular formation through
different cholinergic receptors. Indeed. a differential effect of ACh upon neurons in
the pontine reticular formation was reported in vitro (21) as well as in vivo follow-
ing PS-eliciting carbachol injections (83) with some neurons therein being silenced
and others excited. As evidenced by the loss of PS following lesions of the oral pon-
tine reticular formation (above) and the elicitation of PS by carbachol injections into
the oral pontine reticular formation (above), the glutamatergic reticular neurons
must propagate in tandem with the cholinergic neurons the forebrain activation and
peripheral muscle atonia that characterize PS.
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SUMMARY

Since its electrophysiological identification in the 1950°s, the state of REMS or
PS has been shown through multiple lines of evidence to be generated by neurons in
the oral pontine tegmentum. The perpetration of this paradoxical state that combines
cortical activation with the most profound behavioral sleep occurs through interplay
between PS-promoting (On) and PS-permitting (Off) cell groups in the pons.
Cholinergic cells in the LDTg and PPTg promote PS by initiating processes of both
forebrain activation and peripheral muscle atonia. Bearing o -adrenergic receptors,
cholinergic cells, which likely project to the forebrain, are excited by NA and active
during both W and PS (W/PS-On), when they promote cortical activation. Bearing
o,-adrenergic receptors, other cholinergic cells, which likely project to the brain-
stem, are inhibited by NA and thus active selectively during PS (PS-On), when they
promote muscle atonia. Noradrenergic. together with serotonergic, neurons, as PS-
Off neurons, thus permit PS in part by lifting their inhibition upon the cholinergic
PS-On cells. The noradrenergic/serotonergic neurons are inhibited in turm by local
GABAergic PS-promoting neurons that may be excited by ACh. Other similarly
modulated GABAergic neurons located through the brainstem reticular formation
become active to participate in the inhibition of reticulo-spinal and raphe-spinal neu-
rons as well as in the direct inhibition of motor neurons. In contrast, a select group
of GABAergic neurons located in the oral pontine reticular formation and possibly
inhibited by ACh turn off during PS. These GABAergic PS-permitting neurons
release from inhibition the neighboring large glutamatergic neurons of the oral pon-
tine reticular formation, which are likely concomitantly excited by ACh. In tandem
with the cholinergic neurons, these glutamatergic reticular neurons propagate the
paradoxical forebrain activation and peripheral inactivation that characterize PS.
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List of Abbreviations for Anatomical Structures

3z oculomotor nucleus: 7: facial nucleus; 7g: genu facial nerve; 7n: 7th nerve: ac: anterior com-
missure; CG: central grey: CnF: cuneiform nucleus: cp: cerebral peduncle: CPu: caudate putamen:
Cu: cuneate nucleus: Cx: cerebral cortex; Dk: Darkschewitsch nucleus: DMTg: dorsomedial
tegmental area; DPGi: dorsal paragigantocellular nucleus: DR: dorsal raphe nucleus: DTyg: dorsal
tegmental nucleus; Gi: gigantocellular reticular field; GiA: gigantocellular reticular field. alpha
part; GiV: gigantocellular reticular field, ventral part: GP: globus pallidus: Hi: hippocampus: ic:
internal capsule; 1C: inferior colliculus: IMLF: interstitial nucleus of the medial longitudinal fas-
ciculus: IR intermediate reticular field: LC: locus coeruleus: LDTg: laterodorsal tegmental nucle-
us: LDTeV: laterodorsal tegmental nucleus, ventral part: Ifp: longitudinal fasciculus of the pons:
LL: lateral lemniscus: LPB: lateral parabrachial nucleus: LPGi: lateral paragigantocellular nucle-
us: LPPTe: lateral pedunculopontine tegmental nucleus: LVe: lateral vestibular nucleus; Me5:
mesencephalic trigeminal nucleus: Mes: mesencephalic reticular field: MG: medial geniculate
nucleus: ml: medial lemniscus: mif: medial longitudinal fasciculus; Mo3S: motor trigeminal nucle-
us; mp: mammillary peduncle: MPB: medial parabrachial nucleus: MPPTg: medial pedunculo-
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pontine nucleus: MVe: medial vestibular nucleus: opt: optic chiasm: p: pyramid; PCR: parvocel-
lular reticular field: PH: posterior hypothalamic area: Pn: pontine nuclei: PnC: pontine reticular
field, caudal part; PnO: pontine reticular field, oral part: PnV: pontine reticular field, ventral part;
POA: preoptic area: PPTg: pedunculopontine tegmental nucleus: Pra: principal sensory trigeminal
nucleus: Pri: prepositus hypoglossal nucleus: R: raphe nuclei; RF: Reticular Formation: RN: red
nucleus: Rtz reticular thalamic nucleus: RiTg: reticulotegmental nucleus of the pons: s: solitary
tract: SC: superior colliculus: scp: superior cerebellar peduncle (brachium conjunetivum): SI: sub-
stantia innominata: SN: substantia nigra: SNC: substantia nigra, compact part: SNL: substantia
nigra, lateral part: SNR: substantia nigra. reticular part; SOC: superior olivary complex: Sol:
nueleus of the solitary tract: Sp5: spinal trigeminal nucleus: SubC: subcoeruleus: SubCa: sub-
coeruleus, alpha part; Th: thalamus; TM: tuberomammillary nucleus: tz: trapezoid; VN: vestibu-
lar nuclei: VTA: ventral tegmental area: vir: ventral tegmental tract.
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