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Abltnct

Multiple ÜDes ofevidence indieate that neurODS within the brainstem

pontomesencepbalic tegmentum (PMT) are critically involved in the initiation of

pandoxical sleep (P8). Evidence suggests that unidentified but "possibly" cholinergie

neurons clischarge at higher ntes during PS than duringslow wave sleep or even Waking

and would thus play an active role, whereas "presumed" monoaminergie neurons cease

firiog during PS and would thus play a permissive role in PS seneration. Efferent

projections fi'om these PMT neuroni bave been thought to stimulate PS through

modulation of 1) adjacent neurons in the oral pontine reticular formation, 2) more

caudally distributed neurons ofthe medullary reticular fonnation, and 3) more rostrally

distributed neurons in the ventral mesencephalie tegmentum, as weil as thalamie and

extrathaIamie relay systems implicated in limbie and cortical activation.

In the present study, dual-immunostaining for c-Fos, as a marker ofcellular

activation, and choline acetyltransferase (ChAT), serotonin (Ser), tyrosine hydroxylase

(TH), or glutamie &Cid decarboxylase (GAD) pemûtted immunohistochemical

identification ofactive neurons during PS rebound as compared with PS deprivation and

PS conttol conditioDS. In the PMT, there wu an increasein ChAT+/c-Fos+ ceUs, a

decrease in Ser+/e-Fos+ and TH+/c-Fos+ cells, and an increase in GAD+/c-Fos+ cens

during PS rebound. These results support the hypothesis that cholinergie neurons are

aetïve, whereas monoaminergie neurons are inactive during PS and possibly inhibited by

surrounding GABAergic neurODS. In the rdieular formation, tbere wu an iocrease in c

Fos+ cells and a decrease in GAD+/c-Fos+ œlls during PS rebound in the oral pontine

reticular nucleus, suggestïng a disinhibition ofthese reticularneurons. In contrut, in the

caudal pontine and medullary reticu1ar nuelei, there wu an increase in GAD+/e-Fos+

cells during PS rebound, and covariaton with EMG in a manner to sugest an inhibitory

role ofthese GABAergic neurons in muscle atonia. In the midbrain, there was an

increase in m+/c-Fos+ cells in the venual tegmental area during PS rebound. The

results suggest that DA neurons May increase aetivity during PS and therein, via

connections with limbie and cortical structures, contribute ta the unique physiological

and cognitive aspects ofthat state, including dreaming.
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Résumé

Plusieun études démontrent que les neurones localisés au niveau du tegmentum

pontomésencephalique (TPM) jouent un rôle dans l'initiation du sommeil paradoxal (SP).

n • été lU88eré que les neurones présumés cholinergiques du TPM soient plus aetiû

durant le SP que durant le sommeillent (SL) ou même l'état d'éveil (E). Ces neurones

cholinergiques auraient donc un rôle actif dans la régulation du SP, tandis que les

neurones présumés monoaminergiques seraient moins actifs et joueraient un rôle pusif

durant le SP. On pense que les effétences de ces neurones du TPM induisent le SP par la

modulation 1) des neurones adjacents dans la formation rétial1ée pars pontis oralis, 2)

plus caudallement, des neurones dans la formation réticulée pontis caudalis et medullarie

et 3) plus rostrallement, des neurones dopaminergiques distribués au niveau du

tegmentum mésencephalique ventral ainsi que des relais thalamiques et extrathalamiques

impliqués dans l'activation Iimbique et corticale. Afin de caractériser la nature des

neurones impliqués dans la régulation du sommeil, nous avons comparé l'activité de ces

neurones durant la déprivation du SP, durant le rebond de SP suite à une déprivation ou

durant des conditions du SP contrôlés. Pour ce faire, nous avons effectué des expériences

de double marquases immunohistochimiques pour c-Fos, un marqueur d'activité

neuronale, et l'un des marqueurs suivants: la choline acétyltransférase (ChAT), la

sérotonine (Ser), la tyrosine hydroxylase (TH), ou la glutamique acide décarboxylase

(GAD). Dans le TPM, nous avons noté une augmentation du nombre de neurones

ChAT+/c-Fos+, une diminution du nombre de neurones Ser+/c-Fos+ et TH+/c-Fos+,

alors qu'il y avait une augmentation du nombre de neurones GAD+/e-Fos+ durant le

rebond du SP. Ces résultats sont en accord avec l'hypothèse selon laquelle les neurones

cholinergiques sont actifs durant le SP, tandis que les neurones monoaminergiques sont

inactifs, vraissemblament inhibés par les neurones GABAergiques. Dans le noyau

réticulé poRtique pars oralis, nous avons détecté une augmentation du nombre de

neurones c-Fos+ durant le rebond et une diminution du nombre de neurones GAD+/e

Fos+, ce qui suggère que ces neurones réticulés sont désinhibés. Par opposition, nous

avons observé une augmentation du nombre de neurones GAD+/c-Fos+ dans les régions

caudales du pons et de la medulla durant le rebond du SP. Cette augmentation co-varie

avec le profil d'activité éle<:tromyographique d'une façon qui laissent suggérer que les
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neurones GABAergiques de cette région jouent un rôle dans la régulation du tonus

musculaire. Finalement, nous avons noté une 1U8I1lentatïon du nombre de neurones

TH+/e-Fos+ dans l'aire tegmentaire ventrale durant le rebond du SP. Ces résultats

sugèrent que les neurones dopaminergiques modulent leur activité dans le SP et de ce

fait pourraient jouer un rôle dans la régulation de l'aspect physiologique et cognitifde ce

stade du sommeil.
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Statement of OrigiDaiity

The work contained in this thesis is part ofan ongoing research program
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ofDr. Barbara Jones. The work involved the central participation and supervision ofDr.

Iones. The thesis is comprised ofthree experimental chapters based on three major

manuscripts that have either been published or have been submitted for publication in the

Iournal ofNeuroscience.

The surgery on rats for the implantation ofcbronically indwelling eleetrodes and

execution ofthe experimental, PS deprivation, protocol was done by myself The scoring

ofsleep-wake states, analysis and parsing ofthe data was al50 Petformed by myself. This

aspect ofmy research confmned the sucœss ofthe flower pot technique for the selective

deprivation ofPS and aise demonstrated the established PS rebound effect after such

deprivation.

1 learned ta perfonn some ofthe immunohistochemistry associated with such

experiments, although the immunohistochemical staining for c-Fos and neurotransmitters

or their enzymes for these studies wu done by Lynda Mainville.

1wu responsible for the handling and processing ofail the data generated by

these experiments. This included anaIyzing and compiling the raw EEG data, and the

mapping or plotting ofthe distribution ofsingle- and dual-immunostained cells through

the brainstem using a computer based image anaIysis system equipped with a computer

based adas previously developed by Dr. Jones. 1 performed ail the statistical analysis

using Systat software.

1composed the manuscripts that were later edited with Dr. Iones into a condensed

manner suitable for publication. Production ofthe figures was done by mysel( and

included developing the format for the presentation, layout ofthe data, and producing and

editing the photomicrographs.

Finally, this body ofwork represents a unique contribution to the field ofsleep

research. By utilizing this dual immunohistochemical procedure for c-Fos (as a Marker

ofcellular activity) and neurotransmitters or their enzymes, these experiments provide
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visualization ofthe aetivity in neurochemically defined neuronal populations during PS.

At the initiation oftbese experiments it bad not been possible to identify the

neurochemical type ofcells recorded in single unit recording studies, and it is still

impossible to evaluate the aetivity in a population ofneurochemically defined neurons by

other means. Renee, these experiments otrered a unique insight into the aetivity of

neurochemically defined neuronal populations during PS. In the first experiment,

evaluating cellular activity in the pontomesencephalic tegmentum (PMT), the results

support the hypothesis that cholinergic neurons are active, whereas monoaminergic

neurons are inactive during PS. These results confinn single unit recording studies that

have ooly been able to hypothesize as to the chemical identity of recording units. The

results ofthis first experiment also provide a unique insight ioto the possible mechanisms

that may modulate cellular activity in Ibis region during PS by demonstrating an increase

in activity ofGABAergic neurons co-distributed there within. The second experiment

extended these findings into regions innervated by the cholinergic neurons and provided

evidence for a disinhibition ofreticular neurons by local GABAergic neurons in the

pontine reticular nucleus, pars oralis (pnO). Ofall the regions studied in these

experiments, only tbis region, the PnO, exhibited a decrease in GABAergic activity

during PS. In contrast, through thecaudal pons and medulla, there wu an increase in

GABAergic activity during PS rebound, and this activity covaried with EMG in a manner

to sugest a GABAergic role in muscle atoma. This experiment provided novel

visuaiization of the pattern ofactivation in GABAergic subgroups through the pons and

medulla during PS, and provided clear Iocalization in the rat ofa unique area involved in

PS induction that had been somewhat controversial. The third experiment, evaluates

activity in dopaminergic and GABAergic neuroDS ofthe ventral mesencephalic

tegmentum (VMT), whose role in PS bas been ofsome debate. The findings demonstrate

increased GABAergic activation in the VMT and increased dopaminergic lCtivity in the

ventral tegmental area during PS. The results suggest that GABAergic neurons ofthe

substantia nigra may contribute to dampening motor activity during sleep, and that

dopamine neurons ofthe ventral tegrnental area may change their pattern ofactivity in PS

and therein contribute, via projections to limbic and cortical structures, to the unique

physiological and cognitive aspects ofthat state. This experiment provides evidence that
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dopaminergic lCtivity change over the sleep-waking cycle; a point that had been difticult

to ascertain previously. A1together, these studies otrer a unique insight into the activity

ofneuronal populations through the brainstem during PS, as bas not before been possible.
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Introduction

/./ Literature Review

1.1.1 The States ofthe Sleep-Waking Cycle

Over the mammalian sleep-wake continuum, the changing pattern 0 f behavioural

characteristics, physiological events and electroencephalogram (EEG) parameters have

led researchers to the difTerentiation ofthree major states. The term Slow Wave Sleep

(SWS) is applied when the organism is behaviourally asleep, the threshold for response to

environmental stimuli is decreased, and the EEG is distinguished by the presence ofhigh

amplitude, irregular slow, inc1uding delta (1.0-4.0 Hz), waves. Prior ta and during SWS,

the EEG also manifests high amplitude spindle (9.0-14.0 Hz) waves. High amplitude in

thc EEG is indicative ofa large population ofneurons operating in assemblies, activated

in a syochronized fashion, and hencc SWS has traditionally been refcrred to as

'synchronized' sleep. The tcrm Wakefulness is applied when the organism is

behaviourally responsive, and the EEG manifests low voltage, fast activity, which has

been described as 'cortical arousal or activation'. The third major state of the slcep

waking cycle has been tenned Paradoxical Sleep (PS) because of the paradoxical

association ofbehavioural sleep and an EEG pattern resembling wakefulness or cortical

arousal. Also called rapid eye movement (REM) sleep, because of the occurrence ofeye

movements during behavioural sleep, PS (or REM sleep) is characterized by a unique

array ofphasic and tonic physiological events. During PS, the organism is relatively

immobile, though there are twitching movements that May be observed in limb

extremities and facial muscles. Furthermore, while the posture May not change from

SWS, thcrc is a complctc loss of muscle tonus as rccorded in the EMG (elcctrornyogram).

The EEG ofWaking and PS, has traditionally becn referred to as 'desynchronized',

because of the presence oflow amplitude, high frequency waves. Howcver, the

description of 'desynchronization' in reference to these states is misleading on two

accounts. Firstly, during the entire period ofPS and in waking states associated with a

high degree of arousal or behavioral activity, an almost sinusoidal wave in the theta (4.5

8.5 Hz) band appears on which the high frequencies of 'desynchronization' tend to ride

2
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(Parrnegiani and Z&nocco, 1963). Sccondly, in the low amplitude, high ftequency EEG

tbat defines 'desyncbronization', regu1ar oscillatory aetivity in the gamma range (30-60

Hz) bu been recorded (Maloney and Jones, 1997). It therefore appears tbat while

amplitude ofEEG fluctuation is indie:atÎve ofthe number ofneurODS engaged in

syncbronized oscillatory ICtivity, this aetivity (especia11y al higher ftequencies) can also

occur in smaller neuronal assemblies al lower amplitudes. In sum, there are the tbree

major states ofthe sleep-waking cycle, including WaIœ and PS that, while bebaviounlly

ditrerent, manifest similar electroph)'siological cbaracteristics with synchronized

oscillatory ICtivity in the theta and gamma fi'equency bands.

Considerable research bas been dedieated ta developing an understandiDg ofbrain

mecbanisms responsible for the generation ofthese different bebavioral states. Initial

studies, which demonstrated the imponanœ ofthe brainstem for their generation, relied

on lesion techniques and brain stimulation. Later research utilized the knowledge of

neurocbemistry and immunohistochemistry to elaborate on these early findings,

superimposing upon them the neurotransmitters involved and the neurochemical

pathways active during tbese differentially 'defined' states. Single œil recording

provided another angle ofapproach, demonstrating that certain cells in certain areas

display varying firiDg patterns over the sleep-walce cycle. Funhermore, these neuronal

firing characteristics could he neurochemically modulated, indicating the possibility that

neuronal populations could be differentially regulated acrass the sleep-waking cycle by

input ftom specifie neurotransmitter syste~. However, the results ftom single cell

recordinp cannot he generaliz.ed to neuronal populations, UId it bas DOt until very

recently been possible ta identify the neurocbemical type ofceUs recorded in vivo (Manns

et al, 2000). Henee, though single ceU recording studies may suggest the chemical

specificity ofrecorded neurons, these findings have been limited and generalizations to

neuronal populations have been prevented.
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1.1.2 C/a.ssicolLaion Stlldies and the "Ascending&ticu/or.ActiwJtingSystem"

Historically, Waketùlness wu viewed u a state ofsensory proœssing and hence

the proceuina ofsensory stimuli wu believed to he the arousins fador tbat resulted in

the state ofWakefulneSl. In 1935, Bremer attempted to prave this principle by

transecting the brainstem al various levels to interrupt sensory input to the cortex

(Bremer, 1935). The tirst transection he made wu below the medulla, separating the

brainltem ftom the cerebrum. This~on did not alter the cyclical pattern of

cortical EEG activation and inactivation associated with the states ofthe sleep-waking

cycle. Bremer reasoned that although the ascending sensory system Û'om the body had

been intemapteci, the sensory input ftom the head had not and these stimuli were adequate

to preserve the state ofWaketWness. A second transeetion through the rostral midbrain,

removing sensory input from the face, head and ears as weil u the body, eliminated

wakefùlness, u evidenced by a lack ofcortical activation. However, Bremer erred in his

interpretation ofthese results as wu l&ter demonstrated by Moruzzi and Magoun in 1949

(Moruzzi and Magoun, 1949). They were to show that the loss ofcortical activation

following the rostral midbrain transection wu not due to elimination ofascending

sensory stimuli but to the elimination ofthe ascending influence Û'om the retiaalar

formation upon the cerebral cortex.

The retiaJlar fonnation, a large network ofneurons and fibers located in the

central core ofthe brainstem wu found to~ particularly important in cortical arousal

and hence, states that exhibit such aetivity, Wake and PS. E1ectrical stimulation ofthe

reticular formation produced cortical aetÎvation while lesioning resulted in its elimination

(Moruzzi and Magoun, 1949). The reticular formation receives collateral axons ftom the

asœnding sensory pathways and hence, it wu hypothesized that sensory information

activated the reticular formation, wbich in tum aetivated the cerebral cortex. Ifthis were

tnle, then lesioning ofthe sensory pathways rostral to the reticular formation should not

interfere with the arousiRg etrects ofsensory stimuli, even though theoretically the

animals could not 'feel' the stimuli. This was shown ta be the case (Lindsley et al.,

1950). Moreover, sensory stimuli produced ooly a mild and briefarousal when the

reticular formation was lesioned (Lindsley et al., 1950). The reticular formation became
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Imown u the primary gencrator ofcortical arousal and EEG ldivation and a potential

generator ofWake and PS.

The means by which the reticular formation exerts its influence to implement the

EEG and bebavioural cbarlderistics associated with slccp-wake states, and partiQllarly

Wake and PS, invalves both ascending and descending systems. Ascending libers &am

the rdicular formation wel'e revealed ta course a1aog two major ucending routes,

dorsally, into the tha'amus, and ventrally, into the hypothalamus and basal farebrain

(Nauta, 1958; Scbeibel and Scbeibe~ 1958). Stimulation ofeitber afthese terminal sites,

the thalamus or basal forebrain, elicited the cortical activation usociated with states of

Wake and PS (Starzl and Magoun, 1951; Casamenti et al., 1986). In the initiation and

generation of the specifie state ofPS, studies revealed that efFerent projections ftom the

pons wu the most criticaL Lesions caudal to the pons eliminated muscle atonia

usociated with PS but not the manifestation ofphasic and tonic cbaracteristics ofPS in

rostral structures, white lesions rostral to the pons eliminated PS characteristics in

structures that would receive ascending inputs but not the peripheral characteristie of

muscle atonia (Jouvet, 1962). These lesion studies, and studies demonstrating tbat

stimulation of the pontomedullary reticular formation produced a generalized motor

inhibition (Masoun and Rhines, 1946; Chase et al., 1986), suggested that the reticular

formation could a1so provide the descending inhibitory influence ta the spinal motor

neurons that result in the induction ofthe behavioural charaeteristic ofPS, muscle atonia.

Renee, these ascending and descending fi~ ofthe reticular formation became known to

he important in the initiation and generation ofPS, and their potential neurochemical

modulation by the neighboring cholinergie, monoaminergic systems located within the

brainstem u weil as neurocbemical modulation in areu oftheir projections became of

interest in the study ofPS.

1.1.3 Components ofthe ActivatingSystem

Acetylcholine

The role that acetylcholine (ACh) plays in cortical activation and in sleep-wake

states wu first recognized in early pharmacological studies. Intraventricular
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administration ofhemicholinium-3, which blocb the uptake ofcholine, and thereby

prevents cnzymatic conversion to ACh by the syntbetic enzyme choline acetyltranaferase

(ChAT), resulted in a decrease ofWakefulness and an elimination ofPS (Hazra, 1970).

Physostigmine, which inhibits the eatabolic enzyme acetyl cholinesterue (AChE) and

tbus prolongs the postsynaptic ldivation ofACh, wu sbown ta tirst enhance cortical

activation during Wakefulness and secondly ta shonen the Iatency 10 and prolong the

duration ofPS (Domino et al., 1968). Whenphysostigminewu administered during

SWS, it produced PS (Sitaram et 11.: 1976). Pilocarpine, a cholinergic muscarinic

receptor agonist, wu found 10 enhance cortical activation associated with waketùlness

and al50 shorten the latency to PS followin8 arousal (Hinman and Szeto, 1988).

Atropine, a cholinergic muscarinie receptor antagonist, produœd a decrease in vigilance

and PS (Mltslluki, 1968). Injections ofcarbacho~ a cholinergie receptor agonist, into

the reâcular formation resulted in either cortical activation and muscle &tonia lSSOCiated

with PS or, in some animals, eye movements associated with alert Wakefulness (George

et al., 1964). In fact, carbachol injections ioto the pons had the capacity ta elicit many

components ofPS including cortical activation and muscle Itonia (Katayama et aI., 1984;

Yamamoto et al., 1990). These carbachol etTects werc antagonized by the co

administration ofatropine (Ashby, 1960). Furthermorc, studies demonstrated tbat ACh

release in the cerebral cortex is highest in association with cortical activation, as during

the natural states ofWakefulness and PS, or as induced byeleetriC21 stimulation orthe

reticu1ar formation (Celesia and Jasper, 1966; Jasper and Tessier, 1971). Bence, ACh

appeared to contribute ta the mechanisms underlying the processes ofcortical activation

as recorded in the EEG and/orthe generation ofthe states, Waking and PS, assoàated

with such aetivity.

Research also utilized the knowledge ofneurochemistry and

immunohi.ochemistry to eIaborate on the early findings ofthe ascending reticular

formation and superimpose upon it a cholinergie element. AChE staining wu employed

as a marker for cholinergic fibers and staining indieated the presence ofan ascending

cholinergic system uising from the reticular formation (Shute and Lewis, 1963). This

presumed cholinergie system wu relayed to the cortex via two routes, one dorsally

through the thalamus and one ventrally up to the basal forebrain (Shute and Lewis, 1963).
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AllO described WU a second major, presumed cholinergic, fiber system originating in the

basal Corebrain to readl the cerebral cortex (ICmjeYie and Süver, 1965). However, AChE

ÎI DOt exclUlive to cholinergie neurODI and it wun't until an antibody for the syntbetic:

enzyme, choline ICCtyltransferase (CbAT), wu discovered that pathways were reliably

evalUlled for tbeir ACh content.

Within the pontomesencephalic tegmentum (PMT), cholinergie cells were more

restrieted in tbeir location tban tirst indieated by AChE histoc:hemistry and found

. predominately within the laterodo~and pedunculopontine tegmental nuclei (LOT and

PPT) (Me.dam et al., 1984; Jones and Baudet, 1987). The dorsal projection ta the

thalamus was confirmed, and a rieh cholinergie innervation to the nuclei ofthe

tbaJamocortical projection system wu visualized as weil as 1 collateral projection ta the

thalamic reticular neurODS (Iones and Webster, 1988; Steriade et al., 1988). The

cholinergie neuroDS ofthe PMT were also found ta project locally into the surrounding

reticular formation, caudally to the pons and medulla (Iones, 1990), and ta the VMT in

rostrally ascending projections coursing ioto the hypothalamus (Beninalo and Spencer,

1987). On the other band, the cholinergie contingent of the ventral, extrathalamic, route

ta the cortex, did not appear ta be as important as first thought by AChE 5taÏning (Iones

and Webster, 1988; Iones and Cuello, 1989). Witbin the basal forebrain, the fiber system

innervating the cortex wu confirmed as cholinergie by ChAT immunostaining (Mesu1am

and Van Hoesen, 1976).

Stimulation of the PMT results in cortical activation and increased cortical ACh

release, though the direct intluence ofACh in the cortex wu found ta derive ftom the

cholinergie DeurOns in the basal forebrain (Jasper and Tessier, 1971). In vivo recordings

of the presumed cholinergie neurons iD the basal forebrain found that their average firing

rate wu roughly five times higher during states ofcortical activation, Wake and PS, than

during SWS (Detari et al, 1984; Szymusiak and McGinty, 1986). Direct stimulation of

the basal forebrain can produce a sevenfold increase in ACh release in its major target

area, the cerebral cortex (Kurosawa et al., 1989), and increased fast EEG aetivity bas long

been known to be associated with ACh release in this area (Kanai and Szerb, 1965).

Chemica1lesions in the basal forebrain area by kainic lcid or ibotenie acid result in a

significant slowing ofthe cortical EEG (Stewart et al., 1984; Buzsaki et al., 1988; Ray
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and Jackson, 1991), as wou1d he expected ifthe basal forebrain's cholinergie innervation

contributed ta cortïçaiactivation. The cholinergie neurODS ofthe PMT wouId tbus evoke

cortica1lCtivation with enbanœd ACh releue in the cortex by stimuJating baul Corebrain

neurons directly or more likely, siven their limited direct projections, indirectly by

exciting other neurons ofthe reticu1ar formation or VMT.

Aller immunohistochemicalloca1ization ofthe cholinergie neurons in the PMT, it

wu demonstrated that DCUI'OtOxie lesions of these neurons did IlOt diminish waking but

did result in the loIS ofPS (Jones~Webster, 1988). In vWo rec:ordings ofpresumed

cholinergie neurons in the PMT round that their tonie firing rate wu increased during

states ofcortical activation, Wake and PS, in comparison to SWS. Some presumed

cholinergie neuroDS fired al even higher rates during PS than during Waking (Sakai,

1985; ElMansari et al, 1989; Kayama et al., 1992). Furthennore, ACh release in the

pontine and medullary reticular formation wu reponed to he double during PS as

compared ta Wake (Kodama et al., 1990), thus indieating that ACh may moduIate

surrounding eholinoceptive retiallar formation neurons whieh may in tum contribute to

generation ofPS cbaracteristics such u conical activation via the ventral extrathaIamie

ascending relay and a1so influence descending systems usociated with muscle atonia.

ACh release in the thalamus as measured by in vivo microdialysis showed that

extracellular ACh concentrations were highest during bath Wake and PS (Williams et al.,

1994), and ACh release in the thalamus has been shown ta promote single spilee mode of

firing (Steriade et al., 1988). EEG activity.bas been shown ta he tightly coupled ta the

type ofaetivity generated by the thalamoconical relay neurons, 50 that when thalamie

neurons exhibit burst activity, the EEG is synebronized (as in SWS), while when the

tha1amocortical neurons exhibit single spike activity, the EEG is desynchronized (as in

Wake or PS) (Steriade and Deschenes, 1984; Steriade and Llinas, 1988). Renee, it would

appear that PMT projections to the surrounding reticular fonnation and medulla u weU

as to the thalamus could modulate the behavioural and EEG changes seen during states of

WakeandPS.

These results demonstrate that the activity ofpresumed cholinergie neurons in the

PMT is associated with cortical arousal, and the states ofWaking and PS. lbrough

projections to the surrounding reticular formation, as weil as ta the caudally located
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medu11a, or the rostrally located the thalamus or VMT, and by their cholinergie influence

in tbese rePons, the neurons ofthe PMT are in • position ta generate tbese states of

cortical U'OUU1. However, since tbese neurons are ldive during both WakiDg and PS,

and tbese states differ bebaviourally, othee neuronslocated within the brainstem may he

in a position to differentially modulate certain cells in the reticular formation and other

areu ofPMT projection. Monoaminergic neurons ofthe locus coeruIeus and raphe

DUelei, whose aetivity bas been hypothesized to he bighest in association with Wake and

virtuaUy cease during PS, u wellaaGABAergie neurODS co-distnbuted within the PMT,

might provide tbis düferentially modulation which would clistinguish the states ofWake

and PS in the retieular formation and in other areu ofPMT projection.

Monoamines

Monoamines include the catecholamines (CAs), dopamine (DA) and

noradrenaline (NA), and the indolamine-serotonin (S-HT). Early pharmacological

manipulation ofthe syntheticJeatabolic pathway ofthe CAs, demonstrated a role for CAs

in acousal, a1ertness and Wakefulness. AMPT, which blacks the enzymalic conversion

oftyrosine to DOPA by inhibiting tyrosine hydroxylase (TH), resuits in a reduetion of

CAs and is usociated with an attenuation ofbehavioural arousal and a decrease in

electrocortical activation (Keane et al., 1976). Reserpine, whieh reduces CAs by

interfering with their vesicular storage, results in a tranquilizing etfect and was used to

calm psychotic patients in the 194O's and 50's (Keane et al, 1976). Administration of

the dopamine precursor L-DOPA as occurs in the treatment ofParkinson patients, resuJts

in an increase in CAs and bebavioral arousal, cortical activation and a decrease in PS

(Jones, 1972; Keane et al., 1976; Hemandez·Lopez et al., 1996). Amphetamine, which

stimulates CA release, resu1ts in heightened alertness and a reduetion ofs1eep and wu

ftequently given ta soldiers and pilots during WWII. Cocaïne, which increases the etrect

orCAs by bloclàng re-uptake, results in euphoria and insomnia (Jobanson et al, 1999).

Interestingly, withdrawal trom cocaïne in chronie usees bas also been shown to increase

PS in a manner similar to PS rebound (Kowatch et al., 1992). Henee, CAs appear to

contribute ta the mechanisms associated with behavioral arousal and cortical activation,

and appear ta antagonize mechanisms associated with sleep induction including PS.
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The distribution ofmonoaminergic neurons in the centtal nervOUI system wu

initia11y studied using classic histot1uorescent techniques tbat did IlOt distinguish between

the various CAs (Dahlstrom and Fuxe, 1964). Data obtained in these earlier stuelies did

however reveal that CA perikarya were located predominantly in the brainstem regions;

regions known to be important for Waketùlness and PS (see above). These finelings were

re-examined in Iight ofnew« immunohistoehemical techniques with antibodies against

tyrosine hydroxylase (TII), serotoDÎn and dopamine, and in combination with retrograde

labeling, for III Kalrlte pieture oftbeir organizatioD within the brainstem and their

projections.

Noradrenaline

Neurons that synthesize noradrenaline (NA) are localed in the pontine and

medullary brainstem and clustered within the pontine nucleus, the locus coeruIeus (Le),

ftom where they give rise to diffiase projec:tions through the central nervous system.

Neurons ofthe LC project ta the thalamus, the hypothalamus, the basal forebrain and the

entire cortex, as weB u caudally to the spinal cord (Jones and Moore, 1977).

Early pharmacological studies, which showed that CAs couId induce Wakefulness

and arousal (see above), together with lesion studies and in vivo electrophysiological

recording stuelies over the sleep-waking cycle, suggested that noradrenergic neurons were

inactive during PS (see for review, (Iones, 1991». Pharmacological studies, resulted in a

proposai that noradrenaline mediated arou~ (or al least the suppression ofsleep).

Electrolytic and 6-0HDA lesions ofthe midbrain tegmentum, where ascending

noradrenaline pathways course, produced a decrease in Wakefulness and associated EEG

activation (Lidbrink, 1974; Jones et al., 1973). R.eversible coaling ofthe LC wu round

ta produce sleep in the waking animal, while electrical stimulation produced amusai in

the sleeping animal (Cespuglio et al., 1982). Le laions were also associated with • laSI

ofhigh ftequency EEG aetivity in response ta sensory stimuli (Delagrange et al., 1989).

On the ether band, Iocalized thermolytic lesions ofthe LC neurons did not result in a loss

ofWakefulness or alter cortical activation (Iones et al., 1977; Jacobs and Jones, 1978),

indicating that noradrenergic activity was not necessary for Wakefulness. Single.unit

recording studies demonstrated that LC neurons change their firing rate over the sleep-
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wakins cycle. During quiet waking, Le neurons demonstrate a regu1ar, slow rate of

spontaneoul activity, whieh reduces in SWS and virtually ceases in PS (Sterîade and

RobIOn, 1976). Nondrena1ine neurODS were UIO shawn to increue tbeir rate offiring

approximatcly 3 seconds before the onsct ofwaking (Aston-Jones and Bloom, 1981), and

transiently in wociation with responses ta sensory stimuli (Aston-JoneslDd Bloom,

1981; Rasmussen et al., 1986). This pattern ofLe neuronal aetivity indieatel that

nondrenergie ldivity is usociated with certain waking bebavion and is absent during

PS. Thil inactivity during PS is coçatible with apopular hypothesis ofs1eep

Seneration, which IUgested IlOradrenergiC cells play. permissive role in PS induction

and are part ofaPS gating mechanism (RobIOn et al., 1975).

The Le noradrenergie neurons may inhibit the induction ofPS directly though

connections with the cholinergie nuclei within the PMT. Pharmacological evidence

sugesta that noradrenaline inhibits these cholinergie tegmental neurons known 10 he

instrumental in PS generation (Hobson et al., 1975; Luebke et al., 1992; Williams and

Reiner, 1993; Leonard and Llinas, 1994). Simultaneous unit reœrding ofassumed

cholinergie PS-on and monoaminergie PS-offcells reveal a mirror image in the changes

in their discharge as to suggest mutual inhibit (Sakai, 1988). Because ACh is excitatory

ta monoaminergie neurons (Egan and North, 1986; Li et al., 1998), these cholinergie

effects are likely mediated though inhibitory intemeurons.

In suDmWy, noradrenergic aetivity is increased with waking in comparison ta PS.

While IlOt necessary for waking, noradrenergic aetivity appears ta increase during

specifie bebavioural conditions and, as mentioned (sec above), its pharmacological

augmentation enhances and prolongs cortical activation associated with waking. Tbrough

diftbse projections, noradrenergic adivity may modulate activity in areas in a manner ta

antagonize the sleep process, which when removed may a110w the induction ofPS

through cholinergic modulation ofthese regions. The inhibition ofnoradrenergie 8Ctivity

during PS may he induced in part by surrounding GABAergie intemeurons.
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Serotonin

Early neurocbemical and pbarmacologica1 studies demonstrated tbat serotonin (5

HT) varied in • circadian fuhion and wu involved in sleep generation. Evidence

sugested tbat there were cyclic fluctuations in levels oftryptophan, the primary

precunor ofserotonin, over the 24-hour clay (Wurtman et al., 1974). In the pineal stands,

serotonin levels demonstrated circadian variations and were shawn ta double in the rat

after the onsct of IiSht (Jobanson et al, 1999). Tryptopban is convened ta S

hydroxtryptophan (S-HTP), in the synthesis ofserotonin, by the enzyme tryptophane

hydroxylue. The drog, PCPA, as the preferred substrate for tryptopban hydroxylase,

inhibits serotonin synthesis and causes 9()O/é depletion in brain serotonin levels. Injection

ofPCPA causes an abrupt decrease in sleep and an almost complete iosomnia (Jouvet,

1972). Wbereas injection ofS-HTP, the end produet oftryptophan hydoxylase in the

synthetic serotonergic pathway, restored sleep (Jouvet, 1972). Sleep recovery wu shawn

ta parallel the retum ofserotonin levels (Jouvet, 1972). Henee, serotonin wu believed ta

be involved in sleep induction.

Serotonin wu further shown ta he a "sleep promoting substance/factor".

Serotonin is direet1y released into cerebrospinal fluid (CSF) during neural activity for

dissemination over the ventricular surface (Ho1man et al., 1977). In 1913, Henri Pieron

siphoned CSF ftom dogs forced ta stay awake ioto recipient dogs with the r51lt of

causing sleep in the recipient animais. Continued research led ta the discovery of"sleep

promoting factors" in the CSF ofwhich serotonin wu încluded. Interestingly, PS

deprivation causes an increase in serotonin synthesis (Hery et al., 1970), Ut increased

release ofserotonin in the suprachiasmatic nucleus (the biolosica1 clock ofthe brain)

(Grossman et al., 2000), and an increase in serotonin levels in the CSF (Radulovacki and

Buckingham, 1975). Total sleep deprivation a1so causes an increase in serotonin levels

(Cramer et al., 1973). These studies indieate that while possibly sleep promoting; the

serotonergic system also appeared 10 be active durinS Wake.

Most serotonergic neurons are localized in Duclei ofthe raphe (Dahlstrom and

Fuxe, 1964). The rostral serotonergic pontine and mesencephalic groups, located in the

dorsal raphe (DR) and medianus raphe (MR), send ascending projections ta innervate the

thalamus (Moore et al., 1978), the hippocampus, the basal forebrain (Moore, 1978), and
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throup highly branched fibers ta reach the entire cerebral cortex (Lidov et al, 1980).

The caudal serotonergic medullary lP'oups, located in the rapbe mapus and raphe

pallidus obscurus, send descending projections ta the dorsal UId ventral borns orthe

spinal corel, respectively (BublUm et al., 1978; Jacobowitz lDd Maclan. 1978).

Interestina1y. stimulation ofthis bulbolpinal serotonergic pathway provida both

inhibition to the transmission ofIIOxious stimuli lIId excitation to motor neurons

(Wessendorfet al., 1981). Lesions iDvolving 80-00e,4 ofthese rapbe nuclei result in an

insomnia (Jouvet and Pujo~ 1974). .On the other band, single cell recording studies of

presumed serotonergic neurons in the DR nucleus demonstrate a reduetiOD in firing

during sleep ftom Wake and a virtual cessation during PS (McGinty and Harper, 1976;

Trulson and Jacobs, 1979; Heym et al, 1982), and serotonergic release in the DR is

lowest in usociation with sleep and PS (ponu and McCarley, 1994). These different

results indieate that although serotonin may facilitate the onset ofsleep, serotonergic

neuronal aetivity does oot directly promote sleep and in fact may even prevent PS.

The projections ofthe rostral serotonin groups, the dorsal raphe (DR.) and the

median raphe (MR), ascend and innervate structures important in the generation ofPS

and PS associated characteristics. Early studies suggested the importance ofserotonergic

influences within the basal forebrain for the generation ofSWS (Denoyer et al., 1989). ln

vitro studies showed that serotonin post-synaptically hyperpolarizes cholinergic basal

forebrain neurons (Khateb et al., 1993). Interestingly, serotonin in the basal forebrain bas

been shawn to reduce gamma aetivity (Cape and Jones, 1998), which appears with theta

during active Wake and PS (Maloney et al., 1997). Electrica1 stimulation ofthe DR. and

MR alsa resulted in a reduetion oftheta (Assafand Miller, 1978), whereas lesioning of

the MR. produces an almost continuai theta in the rat (MaN et al., 1979). Suppression of

MR. by injection ofan autoreceptor agonist resulted in an increase ofhippocampal theta

(Vertes et al., 1994). Sorne DR neurons alsa exhibit theta rbythmic firing in fteely

moving rats (Kocsis and Vertes, 1992), which liter research demonstrated to he non

serotonergic neurons (Kocsis and Vertes, 1996). Bence it would appear that serotonin

inhibits theta, though some authors have argued that serotonin serves ta inhibit one type

oftheta (type 2 theta) and induce another type (type 1 theta) (Vanderwolfet al., 1989).

Hence, whether serotonin elicits Wake or s1eep modes ofneuronal activity may depend
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on the region, however it would appear ta clampen cholinergic activation ofcortical

gamma and bippocampal theta UIOCiated with Ktive Wake and PS.

The medial medulluy reticular formation, where the raphe magnus and raphe

pallidus oblCUNS lie, bave been implieated in inducinl muscle atonia during PS.

Chemical and electrical stimulation oftbis area elicits postural atonia (Lai and Siege~

1988). Since lel'otonin increues motomeuron excitation (McCaI1 and Agbajanian, 1979;

White and Fung, 1989), and serotonergic cell firinl in the raphe magnus bas been shawn

ta increase in UIOCiation with motortasks (Siegel et al., 1979; Veasey et al., 1995), it is

believed tbat serotonin would he implieated u lIltaS0nizinl the occurrence ofmuscle

atonia during PS. Supporting this notion, carbachol-induced PS is associated with a

decrease in serotonin levels in the hypoglossal nucleus a10ng with depression in

motomeuron aetivity, which is removed by serotonin application (Kubin et al., 1993).

In summary, the research on serotonin and sleep provide sorne contlicting

findings tbat may not easily he resolved with simple models ofsleep induction. On one

band, serotonin appears ta he important for the induction ofsleep and alters aetivity in

some neurons in a manner consistent with SWS, and on the other band, serotonin bas

been shawn ta he involved in motor aetivity and single œil recording studies show a

decrease in presumed serotonergic neuronal aetivity during sleep and PS similar to

noradrenergic neurODS. An important permissive role in the induction ofPS bas been

hypothesized for serotonergic aclivity (Hobson et al., 1975). Finally, ifserotonergic

aetivity is inhibited during PS, one possible mechanism for this inhibitory induction

couId he the surrounding and co-distributed GABAergic neurODS.

Dopamine

The ventral mesencephalic tegmental (VMT) dopamine-containing neurons bave

been described as Corming three cell groups--AB, A9 or the substantia nigra (SN), and

AIO or the ventral tegmental area (VTA)-though the boundaries between these groups

are relatively indistinct. However, a mediolateral gradient within the VMT is

recognizable, with the SN located more laterally and the VTA more Medial. The

projections from the lateraI, SN, dopamine cell, region course Corward through the Iateral
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hypothalamus and intemal capsule into the neostriatum, where they provide a dense

innervation (Bjorklund and Lindvall, 1984). This nisroltriatal pathway il believed to

play a raie in motor expression (Cadi et al., 1985), and degeneration ofthis system is

associatcd with the motor akinesia ofParkinson's disease. The projections trom the

medial, VTA, dopamine, neurons extend througlt and innervate the latera1 hypothalamus,

basal forebrain, limbic (amygdala) and cortical areas (fi'ontal, cinplate, entorhinal and

visual cortiees) (Hokfelt et al., 1974; Lindvall and Bjorklund, 1974; Bjorklund and

Lindvall, 1984). This mesolimbocoftical pathway is believed to play a role in

reinforcement or incentive motivational processes (Carl' and White, 1986), and excess

aetÎvation ofthis system is believed to he associated with hallucinations and psycbotic

behaviours. Evolutionarily speaking, the close anatomical residence and mecliolateral

overlay ofareas involved in incentive motivational fianctions in those involved with

behavioral substrates makes sense in terms oflearning and the execution ofgoal-directed

behavior.

Studies analyzing the effect oflesions in these dopaminergic regions have

produced varied findings. Electrolytic and 6-hydroxydopamine (6-0HDA) lesioDS ofthe

VMT decreased behavioural arousal (Ongerstedt, 1971; Jones et al., 1973), while

neurotoxic lesions ofthe dopaminergic VMT Reurons bas been found ta decrease PS (Lai

et al., 1999). Such differences could be cxplained in part by the ditTerent raies the SN

versus the VTA dopamine neurons play. Indeed, in contrast to the hypoaetivity produced

by 6-OHDA lesions ofthe SN, hyperacti~ wu reported ta foUow lesions ofthe VTA

(Galey et al., 1977). However, the ditrerent lesion techniques employed, the

consequential different adaptive mechanisms resulting nom them, u weil as an

appreciation ofthe delieate equilibrium dopaminergic aetivity may play in sleep-wake

states, should alsa be considered in explaining these ditTerent results.

In vivo rec:ordings ofneurons with the VMT have shawn that, unlike other

monoaminergic neurons which decrease there firing rate dwing SWS and PS, presumed

dopamine neurons did not change their average discharge rate across s1eep-wake states

(Gage et al., 1983; Miller et al., 1983; Steinfels et al., 1983; Trulson and Preussler, 1984).

Dopaminergic neurons, however, are known ta change their liring pattern nom single

spilee mode ta bursts ofspikes during active or stimulated waking conditions (Freeman et
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al., 1985), or during behaviorally significant and rewarcling situations (Schultz, 1986;

Mirenowicz and Schultz, 1996; Ovcrton and Clark, 1997). A study ofthe variance in

intenpike intaval sbowed significant differenœs IaOSl sleep-wake states, in a manner ta

IUgest that tbere is an increase in bursting aetivity during PS (Miller et al, 1983).

lDterestingIy, in this regard, the non-dopaminergic neurODS and presumed GABAcrgic

neurons in this region, known ta exert an influence on adjacent dopaminergic neurons

(Tepper et al., 1995), increase their firing during PS in comparison to SWS or Waking

(Miller ct al., 1983; Steinfels et al., 1983), and hence may be involved in the p&eing of

bunt aetivity u bas been suggested in other regions.

The dopaminergic system may alsa he involved in vuious EEG changes that

occur during schizophrenia and sleep deprivation. Schizophrenia is ftequendy usociated

with EEG abnormalities (Matsuura et al., 1994), including a decrease in power in the

delta ftequency band (Keshavan et al., 1998). Dopamine D2 reœptor blockers, which

continue to be implieated in the therapeutic effects ofantipsychotic drugs (Sokoloft:

1983), produce an iDcrease in slow EEG aetivity (Sebban et al., 1999). Interestingly,

selective PS deprivation bas the opposite effect on EEG activity. In bath humans and

rats, selective PS deprivation results in a reduction in delta aetivity (Beersma et al.,

1990)(Benington et al., 1994; Corsi-Cabrera et al., 1994). These results sugest tbat like

schizophrenia, PS deprivation, causes an usociated decrease in slow EEG aetivity, while

antipsychotic druss or D2 receptor blockers cause an increase in slow EEG aetivity.

These results sugest that there may he an ~erlying dopaminergic component ta EEG

changes usociated with schizophrenia and sleep deprivation. In this regard, it is

interesting to note tbat s1eep deprivation can lead to psychosis and hallucinations

(Dement et al., 1970), and a similarity bas often been made between hallucinogenic states

and the cognitive correlate ofPS, dreaming.

EEG studies in the preceding paragraph rarely monitored EEG ftequencies above

30Hz., though dopamine VTA neurons bave been implicated in the production ofa

behavioural position offocused attention and a corresponding EEG rhythm on the cortex

in the gamma range (35-45 Hz) (Bouyer et al., 1981). VTA lesions resulted in loss of

focused attention and the 8SSOCiated increased gamma aetivity (Montaron et al., 1982).

Apomorphine, a dopamine agonist, restored the appearance ofthe gamma activity ta
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some degree in VTA lesioned animais (Yim and Mogenson, 1980), while baloperidol wu

been sbown to suppress the appeannce ofthit pmma rhythm in unlesioned animais

(Ahveninen et al., 2000). Gamma aetivity bas been shawn to occur during active Wake

and PS (MaIoney et al., 1997), and hence ifincreased by activation ofthe dopaminergic

system, its appeannce may reflect ID undcrlying aetivity in the dopaminergic systems

during these states.

The PMT cholinergie nuclei are known to be critica1ly involved in the

. generation ofPS (see above) and seod projections to the VMT (Beninato and Spencer,

1987). Stimulation of the PMT produces III increase in burst firing in the dopaminersic

neurons (Lokwan et al., 1999) and an iDcrease in dopamine turnover in their terminal

locations (Niijima and Yoshida, 1988). Muscarinic receptor activation in the VMT and

nicotinic receptor activation in the VTA is known to enhance the burst firing ofdopamine

neurons and dopamine release in their tenninallocations (Grenhoffet al., 1986; Blaha et

al., 1996; Gronier and Rasmussen, 1998). Activation of nicotine receptors bas been

shawn ta mediate direct excitation ofmidbrain dopamine neurons in vitro (Calabresi et

al., 1989), while activation ofmuscarine receptors on VMT GABAergic neurons, which

impinge on dopamine neurons, depress GABAergic transmission (Grillner et al., 2000).

Hunting ofdopamine neurons does ROt occur in vitro (Grace, 1988), and hence is not

likely generated by intrinsic properties but ratber by the interplay ofeitber afferent inputs

and/or the alteration of local GABAergic influences. The cholinergie PMT projection to

the VMT may supply this afferent input and/or this alteration in GABAergic aetivity.

Renee, white dopaminergic aetivity is ISSOCiated with waking and sleep mechanisms the

exact method of its contribution ta the s1eep-waking states, u weil as whether there is a

change in firing pattern during PS, still remains ambiguous. Therefore, unlike other

monoaminergic systems, the Mean discharge rate ofpresumed dopaminergjc neurons

reportedly does not change over the sleep-waking cycle, though the dopaminergic system

may underlie various EEG patterns associated with the states ofcortical acousal, Wake

and PS.
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GAM

Gamma-aminobutyric ICid (GABA) bas long been considered ta be the mast

important inhibitory substance in the central nervous system. GABA is derived trom

glutamate after the removal of. carboxyl group by the enzyme glutamic &Cid

decarboxylue (GAD). Techniques for localizing GABAergic neurODS have used

immunobistochemical techniques with antibodies directed agaiDst GAD, and revealed

that GABA is mostly syntbesized and released by local intemeurons, thougb. numb« of

projection systems have al50 been açknowledgcd bath nom the cholinergie

pontomesencephalic tegmental (PMT) nuclei (Ford et al., 1995), and Û'om the basal

forebrain (Gritti et al., 1997). Areas with adense distribution ofGABA neurons include

the pontine brainstem where the Iaterodorsal tegmental (LDT) and pedunculopontine

tegmental (PPT), dorsal raphe (DR) and loau coeruleus (Le) nuclei lie, and the

substantia nigra ofthe VMT (Fonnum et al., 1978). In general, GABAergic aetivity bas

long been thought ta have a role in sleep, cspecially in view ofthe sedative etTects of

GABA agonists (Mendelson, 1985). More specifically, GABAergic aetivity bas been

suggested ta play an intermediary role between cholinergic and monoaminergic neurons

ta affect the inhibition ofthe serotonergjc and noradrenergic neurons during PS (Jones,

1991). However, the activity ofGABAergic neurons in the various regions ofthe

reticular formation &Cross the sleep-waking cycle is not known.
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1.2 ConclllSion

Pandoxica1 sleep (PS) is 50 named because ofthe paradoxic:al occurrence of

bebavioural sleep with an BEG pattern similar to that ofWake. Lesions and transeetion

studies demonstrated the importance ofthe pontine rdieular formation in the generation

ofthis state, and along with other approaches, revealed the ascending reticular adivating

system that is critical for cortical activation. However, given the pharmacological

influences, the anatomical resideœè; and/or the effcet ofneurotoxie lesions, the

cholinergie and monoaminergic impact on this ascending adivating system must al50

play. critical role in PS induction and generation. From single cell recorcling studies il

bas been hypothesized that the aetivity in "presumed" cholinergie neurons is increased,

and activity in "presumed" monoaminergic neurons is decreased during PS. However,

the neurochemical identity can only he presa;iued by IUch studies and aetivity in single

cells limits generalizations to neural populations. Suggestions have been made that

descending projections trom the pontine reticular formation and neighboring cholinergie

nuclei initiate, through medullary relays, the characteristic ofmuscle atonia, while

monoaminergie influences antagonize sueh an OCQ1ITence. While the pons and meduUa

where tbought ta relay the PS characteristic ofmuscle atonia trom the

pontomesencephalic region to the spinal cord motomeurons, the location within the

brainstem, along with the neurochemical identity ofIUch a relay, remain obscure. The

cholinergie neurons within the PMTalso send ascending fibers ta the VMT where

dopaminergie neurons are located. Lesion and pbarmacological studies bave indieated

that dopaminergic neurODS may regulate behavioural arousal and sleep-wake states, yet

recording studies have reported that there are no changes in average discharge rate across

the sleep-wake cycle. Ta cluify these questions and examine hypothetical models ofPS

induction and generation, c-Fos, the early immediate gene product stimulated by Ca+

entry into the œil and hence aetivity (Dragunow and Faull, 1989) wu used. The

following studies use dual immunostaining for c-Fos protein and neurotransmitters or

their enzymes to allow for immunochemical visualization of8Ctivity during PS in

cholinergie, monoaminergic, and GABAergic neurons ofthe 1) pontomesenœphalic
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tegmentum (PMT)t 2) the pontomedullary retieular formation, and the 3) ventral

mesencephaIic tegmentum (VMT).
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CbapterTwo

Pontomesencephalic Tegmentum

A portion ofthis chapter was publishedJournal ofNeuroscience. Vol 19(8):3057-3072. 1999
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2.1 lntrodllction

To visualize activity in a population ofneurochemically identifiable neurons

during paradoxical sleep (PS), the foUowing studies utilized a dual-immunohistocbemica1

stainiDg procedure. c-Fos expression, as a marker ofcellular aetivity, wu stained for

visualization in neurons already ide~tified for neurochemical type by previous 5taÏning

for neurotransmitters or their enzymes. The findings ofthese tint study in the

pontomesencephalic tegmentum provide support to the hypothetical reciprocal aetivity

between the cholinergie and monoaminergie neurons during PS that have led to the

suggestion that cholinergic neurons are PS-on neurons and monoaminergic neurons are

PS-of[ The findings confinn the neurochemical identity of single-unit recordïng studies

that have suggested that 'presumed' cholinergie neurons decrease their rate offiring

during slow wave sleep (SWS) in comparison to Wake and PS, and fire at their highest

rate during PS, and that 'presumed' monoaminergic neurons decrease their rate offiring

ftom Wake to SWS and virtually cease tiring during PS. The study also provides

evidence that a possible mechanism by which monoaminergic neurons are inhibited

during PS is by local GABAergic neurons.
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2.2 Differentiai c..Fos expression in cholinergic, monoaminergic andGABAergic cells

grOllpS ofthe pontomesencephaJic tegmentlml afterparadoxical skep iMpriWlIion

andrecovery

2.2.1 A6stTtJCt

Multiple Iines ofevidenœ indicate that neurons within the pontomesencephalic

tegmentum are critically involved in the generationofparadoxical sleep (PS). From

single-unit recording studies, evidence suggests that unidentified but "possibly"

cholinergie tegmental neurons discharge at higher rates during PS than during slow wave

sleep or even waking and would thus play an active raie, whereas "presumed"

monoaminergie neurons cease firing during PS and would thus play a permissive raIe in

PS generation. In the present study performed on rats, c..Fos immunostaining wu used as

a ret1ection ofneuronal aetivity and combined with immunostainingfor choline

acetyltransferase (ChAT), serotonin (Ser), tyrosinehydroxylase (TH), or g1utamic &Cid

decarboxylase (GAD) for immunohistochemical identification ofactive neurons during

PS recovery (-28% ofrecordingtime) as compared with PS deprivation (0011) and PS

control (-15%) conditions. With PS recovery, there was a significant increase in

ChAT+/e-Fos+ cells, a significant decrease in Ser+/c-Fos+ and TH+/e-Fos+ cells, and a

significant inCfease in GAD+fc-Fos+ cells. Across conditions, the percent PS was

correlated POsitively with tegmental cholinergie c-F05+ cells, negatively with raphe

serotonergic and locus coendeus noradrenergic c-Fos+ cells, and positivelywith

codistributed and neighboring GABAergic c..Fos+ cells. Theseresults support the

hypothesis tbat cholinergie neurons are active, whereas monoaminergic neurons are

inactive during PS. They moreover indicate that GABAergic neurons are active during PS

and could thus be responsible for inhibiting neighboring monoaminergic neurons that may

be essential in the generation ofPS.
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2.2.2 IntrodMction

Sïnce early studies using transeetions and lesions, the pontomesencepbalic

tegmentum bas been known to be critical for thegeneration ofparadoxical sleep [(PS), or

rapid cye movement (REM) sleep] (Jouvet, 1962, 1972). Pharmacological evidence had

indieated that acetylcholine (ACh)~ important for the appearanœ ofPS (Domino et al.,

1968), and injections ofthe cholinergie agonistcarbachol ioto the pontomesencepbalic

tegmentum was shown to elicita state similar to naturaI PS (George et al., 1964). ACh

wu also known to be important for wakefulness, and enhaneing ACh levels with

acetylcholinesterase (AChE) inhibiton elicited awaking state (Domino et al., 1968)

unless monoamines were fust depleted with reserpine, in which case, it elicited PS

(Karczmar et al., 1970). These early pharmacological studies thus suggested that

cholinergie systems, panicularly within the pontomesencephalie tegmentum, were

involved in the generation ofPS but were also involved in waking and could only elicit

PS when monoaminergic systems were inaetivated.

After immunohistochemicallocalization of the cholinergie neurons in the

pontomesencephalic tegmentum (Mesulam et al., 1983; Jones and Beaudet, 1987), it was

demonstrated that neurotoxic lesions ofthese neurons resulted in the loss ofPS (Jones

and Webster, 1988; Webster and Jones, 1988; Jones, 1991b). Single-unitrecording within

the cholinergie œil area, including the laterodorsaland pedunculopontine tegmental

nuclei, found œlls that discharged al higher rates during PS tban during slow wave sleep

(SWS) and sorne that fired at even higher rates during PS than during waking (El Mansari

et al., 1989; Steriade et al., 1990a; Kayama et al., 1992). In contrast, presumed

serotonergie raphe neurons and presumed noradrenergic locus coeruleus neurons were

round to tire al their lowest rates or cesse firiog a1together during PS (RobIOn et al., 1975;

McCarley and Hobson, 1975; McGinty and Harper, 1976). These electrophysiological

results supported the hypothesis that PS is generated by an active involvement of

cholinergie neurons, considered ta be "PS-on" cens, and a permissive role of

monoaminergicneurons, considered 10 be "PS-otr' cells (McCarley and RobIOn, 1975;
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Sakai, 1988; McCarley et al., 1995). The possibility wualso raised that the cessation of

firinS by the monoaminergic neurons could be caused by active inhibition by local

GABAergic neurons, which are distributed within these cell8l'oups and neighboringareas

(Jones, 1991a,b,c, 1993; Ford et al., 1995). The validationofthese byPOtheses depends,

however, on the chemical identificationof the recorded units, which bas not yet been

possible in naturally sleeping-wakinganimais.

Another method ofstudying neuronal aetivity, which permits

immunohistochemical identification ofthe active cells, is byexamination ofc-Fos, the

produet ofthe immediate early gene that is expressed in association with neuronal

discharge and entryofNa+ and Ca2+ions (Morgan and Curran, 1986; Dragunow and

FauI~ 1989). c-Fosexpression combined with immunohistochemical staining for

cholinergieand monoaminergic neurons bas been used in cats in the study ofneurons

active during carbachol-induced PS (Shiromani et al., 1992; Yamuyet al., 1995, 1998),

yet this state MaY fundamentally differ from naturally generated P5. In the present study

performed in rats, we 50Ugbt ta examine c-Fos expression in associationwith naturally

enbanced PS during rebound ftom PS deprivation(Mendelson, 1974). Dual

immunostaining for c-Fos protein and neurotransmitters or their enzymes was used for

relative assessment ofaetivity in cholinergie, serotonergic, noradrenergic, and

GABAergic neurons in the pontomesencephalic tegmentum ofanimals under conditions

ofPS recovery, deprivation, and control (MaIoney and Iones, 1997).
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2.2.3 Methods andMaterials

Ânimals andsurgery. Sixteen male Wistar rats (Charles River, Montreal, Quebcc,

Canada), weighing -225 gm, were operated underbarbiturate anesthesia (Somnotol;

67 mgIkg, i.p.) for the implantationofc:hronically indwellins electrodes. For the

electroencepbalogram(EEG), stainless steel screws were threaded into hales drilled in the

skull 50 that the screws were in sentie contact with thedura. They were placed over the

left and right retrosplenial, anterior frontal, parietal, and occipital cortiees, as described

previously (Maloney et al., 1997). One elec:trode was plac:ed in the frontal bone rostral ta

the ftontallobes ta he used as a reference for monopolar rec:ording from each corticallead

and one in the occipital bone over the cerebellum to be used as aground electrode. For the

electromyogram (EMG), two stainless steelloops were insened into the muscles ofthe

neck. Alileads were connected ta a miniature (12 lead) plug that was cemented ta the

skull. Animais were a1lowed 2 or 3 d recovery from surgeryin the animal room belore

being placed in recording chambers for the duration oftheexperiment.

Recordingandexperimentalprocedures. For recording and experimentation, each rat was

placed in a Plexiglas box that was contained witron a larger eleetrically shielded

rec:ording chamber. The rat was connected ta a cable that was attached ta a commutator

and suspended with a balanced boom ta allow free movement ofthe animal within the

box. During the baseline day and in the control condition, the fioor ofthe box was

covered with woodchips. Theanimal had ad libitum aceess to food and water in

containers that hung within easy reach on the sides ofthe box. As was the case in the

animal room, a 12 br Iightldark cycle was maintained in the recording room (with lights

on from 7:00 A.M. to 7:00 P.M.). The rat was placed in the recording box and connected

ta the cable3 d before baseline recording to allow for habituation to the recording

environment.

The EEG and EMG signais were amplified using a Grass model 78D polygraph

and subsequently sent to a computer (ALR 386SX) foranalog-to-digital conversion,
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tiltering, and storage on bard ~skwith the aid ofStellate Systems (Montreal, Quebec,

Canada) computersoftware, as described previously (MaIoney et al., 1997).

PS deprivation wu perfonned using the flower pot technique that bas previously

been shown to cause a fairly selective deprivationofPS in rats (Mendelson, 1974). It was

also sbown to not he associatedwith significant changes in adrenal gland weights

(Mendelson, 1974), thus not producing a severe level ofstress in the animals.Each rat

wu placed on an invened flower pot that was just large enough (-6.5 cm in diameter) to

hold the animal. The flower pot was surrounded by water that filled the Plexiglas box ta

within 1cm ofthe surface ofthe învened pot. In this situation, the animal could engage in

SWS but not PS, because the loss ofmuscle tonus that accun with PS onset causes the

animal ta fall into the water and awalcen. Food and water containers were positioned to he

easily accessible to the animal on the Oower pot. Underthese experimental conditions, it

was detennined in preliminary recording experiments (involving four rats operated for

implantationofelectrodes and tested in the recording and experimental paradigm) that

after the tirst 24 br on the flower pots during which a certaindegree ofhabituation to the

experimental situation occurred, SWS appeared in ostensibly nonnal amouots but PS

remained suppressed, producing a relatively selective deprivation ofPS in the second

24 br deprivation period and selective rebound ofPS after the deprivation. Accordingly,

an -48 br deprivation period on the flower pots was seleeted for the experimental

paradigm.

The experimental protocol wu perfonned over a 4 d period in three groups of

four rats (Fig. 1). Recordings were performed in the aftemoon (-12:00-3:00 PM.) for the

four cansecutive days. On the first day, a baseline recording was performed on ail

animais. On the remaining 3 d ofthe experiment, the "condition" was varied for the tbree

different groups:?S controi (P~C), ES deprivationtt'SD), ana ES recovery l'P5R). (i) For

the control condition, thePSC animaIs remained on a bed ofwoodchips in their reeording

boxes for the 4 d. During these days, they were left undisturbed, except in the morning

(-10:00-10:30 or -11:00-11:30 A.M.) whentheir boxes were cleaned, and food and water

were replenished. At the tennination ofthe experiment on day 4, the PSC animaIs were

anesthetized for perfusion (at -3:00 or 3:30 P.M.) afterthe afternoon recording period
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(Fig. 1). (2) For the deprivati~n condition, the psn animais were placed on flower pots

for the second, third, and fourth days ofthe experiment. On these days, they were

removed ftom"their f10wer pots in the moming (-10:00-10:300r-l1:00-11:30 AM)

white their boxes were being cleaned, and they were a1lowed ta run around the larger dry

recording cbamber. On clay 4 after the recording period, the PSD animais were

anesthetized for perfusion (at -3:30 P.M), having been in the deprivationcondition for

-53 br (Fig. 1). (3) For the recovery condition, the PSR animais were also placed on

f10wer pots for the second, thircl, and founh days like the psn animais. Similarly, they

were removed ftom their cages each moming (-10:00-10:30 AM) white their boxes

were cleaned. However, on clay 4 after cage cleaningand after -SO br ofPS deprivation,

the animais were retumed ta a dry bed ofwoodchips in their recording boxes to aIlow for

recovery afPS. To maximize the recovery during the final recordingperiod 3 br before

perfusion, the cage cleaning was perfonnedat -11:00 AM. on day 4, and the animais

were returned to the dry box at -11:30 AM., thus allowing -30 min exploration and

grooming before sleep onset and recording. Ali three groups ofanimals commonly tended

to remain awake and active during the-30 min period after cage cleaning and handling

(ftom Il:00-11:30 on clay 4). After the recording period, the animais were anesthetized

for perfusion (at -3:00 PM.), having been in the PS recovery condition for -3 br after PS

deprivation of-50 br (Fig. 1).

The experiments were condueted using two recording chambers and thus on two

animais at one time, nmning pairs ofPSD-PSRor PSC-PSC animais. Because the

recovery condition was considered the most constrained with regard to time, the PSR

animais werealways anesthetized and perfused first at -3:00 P.M, whereasthe paired

PSD animais were anesthetized and perfused second at -3 :30 P.M. For the PSC-PSC

pairs, one PSC animal was anesthetized at -3:00 and the second al -3:30 P.M. The entire

course ofexperiments involving six pairs ofrats was condueted over a 3 month period

during the winterseason.

Pi/ot animais andprocedures. Before the recording and experimental study described

above, a pilot experiment was perfonned to test the effectiveness ofthe experimental

paradigm and immunohistochemical revelation ofc-Fos together with the
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neurotransmitters or enzymes. A series oftwelve Wistar rats (Charles River), weighing

-225 gm, were submitted ta the three ditTerent experimental conditionsdescribed above,

except tbat the pilot animais were not operatedfor implantation ofelectrodes and not

auaehed to cables for recording. Another group offour rats were kept in the animal room,

two ta a cage in the manner that they are typically housed. These four groups ofanimais

were anesthetized and perfused in pairs at -3:00 or -3:30 P.M. (as above).

Perfusion andfixation. The animais were killed under barbiturate anesthesia (Somnotol;

-100 mglkg) by intraaortic perfusionofa fixative solution. The time between the

barbiturate injectionand initiation ofthe perfusion was -10 min. One liter of3%

paraformaldehydeand 0.2% picric 8Cid in 0.1 M phosphate buffer was perfused for

fixation and followed by 250 ml of l00A. sucrose in butrer. Thebrains were immersed in

300/0 sucrase ovemight ta complete cryoprotection. The brains were ftozen at 50°C and

stored al BO°C.

lmmunohistochemistry. Coronal sections were eut al 2S .,.m thickness on a freezing

microtome. Up to six series ofadjacent sectionswere collected every 200 .,.m for

immunohistochemical proœssing. Ail immunohistochemistry was perfonned using the

peroxidase..antiperoxidase(PAP) technique (Stemberger, 1979), according to previously

published procedures (Gritti et al., 1993, 1997; Ford et al., 1995). Forthe immunostaining

ofc..Fos protein, an anti-c..Fos antiserom from sheep (Cambridge Research Biochemicals,

Cheshire, UK) was used at a dilution of 1:3000. For immunostaining ofneurotransmitters

or their enzymes, the following antibodies were used: rabbit anti-choline-aeetyl

transferase (ChAT) antiserum (1 :3000; Chemicon International, Temecula, CA), rabbit

anti..serotonin (Ser) antiserum (1 :30,000; Incstar, Stillwater, MN), rabbit lOti-tyrosine

hydroxylase (TIl) antiserum (1:15,000; Eugene Tech International, Allendale, NJ), and

rabbit anti..giuwlli~ i:iCiù d~c~..oo"yiase (GAD) antiserum (l:30Qû; Cnemicon

International). Incubations with primary antibodies were performed at room temperature

ovemight using a Tris-saline solution(0.1 M) containing 1% normal donkey serum

(NOS) and after incubationwith Tris saline containing 6% NOS for blocking. For

antibodies to ChAT and TH, Triton X.. lOO (0.2%) was added to the incubation solutions.

Appropriate secondary antisera and PAP antibodies (JacksonImmunoResearch
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Laboratories, West Grove, PA) were used after the respective primary antisera. In ail

brains, one series ofsections wu immunostained for c-Fos alone using the brown,

floccu1ar reaction produet, 3,3' diaminobenzidine (DAB) as chromogen. In other adjaœnt

series processecl trom the pilot and experimental brains, c-Foswu immunostained in

combination with a neurotransmitter or enzyme using a sequential procedure staining c

Fos in either the mstor second position. When in the tirst position, c-Fos was revealed

with DAB, and the neurotransmitter or enzyme was revea1ed with the blue granular

reaction produet, benzidine dihydrochloride (BDRC). In one set (pSD-PSR-PSC), c-Fos

wu revealed with DAB intensified with nickel (DAB-Ni2) in the tirst position, and the

neurotransmitter or enzyme revealed with DAD in the second position. In the major

experimental series, the neurotransmitter or enzyme was immunostained and revealed in

the tirst position with DAR, and c-Fos was immunostained and revealed in the second

position with BDRC. Contrais in the absenceofprimary antibodies and in the presence of

normal sera were routinely run with every single and dual immunostaining procedure ta

ensure the absence ofnonspecific single or dual immunostaining in the material. Brains

ftom sets ofPSD-PSR, which were run togetherexperimentally, were processed in the

same manner for immunohistochemistry together with an accompanying PSC brain.

In asS9Sing the effectiveness ofthe experimental paradigm and

immunohistochemistry, qualitative examination of the material was performed by one of

the experimenters (B.EJ.) who had knowledge ofthe experimental groups. In comparing

the numbers ofc-Fos immunostained œlls across the different conditions used in the pilot

and experimental studies, it was apparent that few to no cells were stained in brains ftom

animais housed in pairs in the animal colony, many cells were stained in animals kept for

4 dunder control conditions housed individually in the recording chambers, and Many

more œlls were stained in animaIs that had been operated for implantation ofelectrodes

and were attached to recording cables for 4 d under control conditions in the recording

chambers. Il was thus clear that the base level ofc-fos expression in the pilot and more 50

experimental animals wu relatively high and couId be attributed ta the degree ofstress

associated with isolation, a new environment, surgery, and being tethered, despite

allowing habituation to the recording environment and recovery from surgery. c-Fos

expression bas been known to be elevated inwidespread areas in response to stress
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(pezzone et al., 1993; Chen an~ Herbert, 1995; Cullinan et al., 1995). The level ofc-Fos

expression caused by these factors would however be the same (orthe three pilot and the

three experimental groups, respectively, that were being compared among themselves.

Qualitative ditTerences in c-Fos immunostaining could he detected across the three

differentconditions ofthe pilot and experimental groups, respectively, and appeared

systematic across these conditions in the two groups.

In the pilot series, c-Fos wu immunostained in the fust position, and the

neurotransmitter or enzyme was immunostained in the second position. In this series, it

wu clear that more TH+ cells in the locus coeruleus were c-Fos+ in the psn group than

in the PSR group. However, it wu difficult ta clearly discem the ChAT and GAD

immunostaining in the second position and thus to appreciate changes in the number of

ChAT+ and GAD+ cells expressing c-Fos across the ditrerent groups. Thus, for the major

experimental series, the immunostaining procedure was changed 50 that the

neurotransmitteror enzyme was stained in the first position (with DAB), and c-Foswas

stained in the second position (with BDHC). This procedure reduced the sensitivity ofthe

c-Fos immunostaining particularly in the TH+ cells and also in Ser+ cells, in which the

TH and serotonin staining was intense. However, it greatly enhanced the immunostaining,

and thus identification ofeells containing ChAT and GAD, in whichChAT and GAD

staining was only moderate and c-Fos staining thus less atrected. Because brains were

processed in pairs ftom PSD-PSRanimais and subsequently in a Iike manner ftom a

matching PSCanimal, it could he detennined that the relative differences &Cross groups

were the same independent ofthe immunostaining procedure, a1though the ab50lute

numbers ofc-Fos-immunostained cells were lower with the c-Fos staining in the second

position.

Analysis ofs;~~p-w~siai~ Ùilia. The EEG was examined by on-Hne analysis on

computer screen and scored for sleep-wake state by visual assessment ofEEG and EMG

activity in 20 sec epochs using Eclipse software (Stellate Systems) for each 3 br reœrding

session (-540 epochs). Epochs were scored as one ofthe threemajor states (Wake, SWS,

or PS) or transitional (t) stages between states: (1) wake marked by the presence of low

voltage fast activity associated with EMG tonus, (2) transition trom wake into slowwave
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sleep (tSWS) characterized by moderate amplitude slow ormixed slow, spinelle and fast

aetivity, (3) slow wave sIeep (SWS) marked by continuous high-amplitude slow aetivity,

(4) transitionftom slow wave sleep ioto PS (tPS) marked by a decrease in high-amplitude

slow activity and the appearance ofspindles and theta waves, or (S) PS characterized by a

prominence oftheta waves, in addition to low.voltage fast activity, with low EMG

aetivity.

The number ofepochs scored in each stale was calculated as a percent oftotal

epochs in the 3 br recording session for eachday. An overall statistic was performed

using a repeated measures ANOVA with two trial factors ("state" and "day") and one

groupingfaetor ("condition"). Data were further analyzed per state byrepeated measures

ANOVA tests with one trial factor (day) and one grouping factor (condition). When a

main effect ofconditionwas significant, post hoc tests were performed per day across

groups (pSR or PSD vs PSC; PSR vs PSD) using Fisher's painvisecomparison. In the

case in which there wu a significant difference between groups (condition), another test

wu performed to determine whether there was also a significant difference between days

2, 3, or 4 and day 1 in that group. These tests were performed perstate and condition,

using a repeated measures ANOVA with one trial factor (day) and post hoc tests

performed between the experimentaldays (day 2,3, or 4) and baseline day (day 1). The

number .0fPS episodes and the Mean duration ofthese episodes were also calculated for

the baseline day 1 and reœvery day 4 ofeach animal in the PSR condition and analyzed

by t test paired comparisons.

Fast Fourier TranSform was perfonned using Rhythm software (Stellate Systems)

ta determine power in EEG ftequency bands for the 20 sec state-scored epoch data, as

described previously (MaIoney et al., 1997). Frequency bands were set at the following

thetaldelta, which reflects theta rhythmicity on the EEG, was also calculated and

displayed. EMG amplitude was computed for the total spectrum up to 58.0 Hz. Changes

in frequency band aetivities across experimental conditions were examined by statistical

analysis ofaetivities trom the right retrospleniallead. Frequency band aetivity was

normalized for each rat according to the average amplitude values per state in the baseline
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clay. Statistical ditTerences in frequency band aetivity per state and condition were tested

by repeated measures ANOVA with one trial factor (day).

Analysis ofimmunohistochemicaldata. Sections were viewed with a Leitz Orthoplan

microscope equipped with an dy movement-sensitive stage and CCD camera attached ta

a computer. Single- and dual-immunostained cells were mapped using a computer-based

image analysis system(Biocom, Paris, France) with a resident atlas ofsections through

the pontomeseneephalie tegmentum (Jones, 1995). The experimenter(K.J.M.) mapping

the cells did not have knowledge ofthe experimentalgroup (pSD, PSR, PSC) to whieh

the individual brains belonged. She was ooly given this information after all the c1ata were

tabulated on computer spreadsheets, and the group condition was inserted for the

statistical analysis orthe completed data set. Cell countswere tabulated automatically

within each nucleus or region, ineluding those orthe cholinergie, serotonergic, and

noradrenergie cell groups and the adjacent central gray areas ofthe pontomesencephalic

tegmentum. Single c-Fos-immunostained cells were mapped and countedunilaterally (in

one or two sections) al one or two representativeofthree stereotaxic levels corresponding

approximately to anterior(A) 0.5, A 0.1, and posterior (P) 0.3, depending on the specifie

nucleus (paxinos and Watson, 1986; Jones, 1995). To allow a morethorough sampling of

du&l immunostained cells, which were less numerous than the single c-Fos

immunostained cells and represented the focus ofthe present study, double-Iabeled cells

were counted bilaterally at 200 Jlm intervals through the full rostroeaudal extent ofeach

cholinergic and serotonergic œil group and individual nucleus (in four ta six sections

between -A 1.1 and -P o.s dependingon the specifie nucleus) and thraugh the rostral to

midportionofthe noradrenergic œil group (for two or three sections, between-P 0.1 and

-P 0.5 depending on the specifie nucleus). GAD+/e-Fos+cells were counted on adjacent

sections to ChAT+/c-Fos+, Ser+/c-Fos+, or TH+/c-Fos+ cells in the same œil groups and

nuclei, except the locus coeruleus (where tao few GAD+ cells are located, (Ford et al.,

1995» and additionally in the rostral and caudal central gray areas neighboring the dorsal

raphe and locus coeruleus, respectively. The bilateral œil counts for dual-immunostained

œlls were averaged per section across the two sides. ANOVAs or ANCOVAs were

performed on the œil counts across conditions in multiple sections pernucleus per œil

group (cholinergie, serotonergic, noradrenergic, or central gray) per animal. Overall
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statistical ditrerences in the number ofcells caused by condition were exarnined in each

œil group by one-way ANCOVA with condition as the grouping factor and nucleus,

section, and animal u covariates. Statistica1 differences in the number ofcells in

individual nuclei within each œil groupwere subsequendy examined using a one-way

ANCOVA with conditionas grouping factor and section and animal as covariates. When

there wu a significant main eff'ect, diff'erences in œil countsbetween individual

conditions were anaIyzed bypost hoc anaIysesusing Fisher's pairwise comparisons (with

significance level set alP ~ O.OS). For tabular presentation and regression analysis, the

total number of labeled cells was calculated for each nucleusand cell group by adding

(absolute or averaged) unilateral counts across sections in individual animais.

Correlations between total number oflabeled cells counted per nucleus or œil group and

the percent PS, SWS, or wake were performed by multiple linear regression analyses with

animal as a covariate. Ali statistics were performed using Systat for Windows (Evanston,

Illinois). Figures were prepared for publication using CorelDraw (Ottawa, Ontario).
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2.2.4 &j1Jlts

Sleep-wake stales

The PS deprivation procedure, which commenced on clay 2 ofthe experimental

paradigm for animals ofthe deprivation and recoveryconditions (Fig. 1), was effective in

producing a near completeelimination ofPS, as weil as a significant decrease in the

transitional state into PS (IPS), as measured during 3 br recording periodson clays 2 and

3 in the deprivation and recovery conditions (Table 1, PSD, PSR). The decrease in PS and

tPs wu associated with a significant increase in waking. Although SWS wu reduced,

particularlyon the tint deprivation clay, it wu not significantly less than that in the PSC

group during the deprivation clays (Table 1).

In compating the sleep-wake states across the different conditions on clay 4 when

the recovery group was removed from the deprivationcondition (Fig. 1), it was apparent

that there was a relatively selective deprivation ofPS in the deprivation condition (PSD)

and a relatively selective recovery ofPS in the recovery condition(PSR), as compared

with the control condition (PSC) in the final 3 br before anesthesia and perfusion (Table

1). Thus, after -53 and 50 br ofdeprivation, respectively, PS represented ()oA. in the

deprivation condition and -28% in the recovery condition, as comparedwith -15% in the

control condition. SWS was less in the deprivationcondition than in control, but not

significantly sa; wake was significantly greater in the deprivation condition (Table 1).

SWS was significantly greater in the recovery condition than incontrol or deprivation,

however it was not significandy different from baseline within the saane group (Table l,

IS indicated byparentheses). As compared with bath control and baseline conditions,

therefore, PS was the one state that was commonly altered in the two experimental

conditions, heing significantly decreased in the deprivation and significantly increased in

the recovery condition.

Although the experimental procedure was effective in producing a relatively

selective deprivation and recovery ofPS, it did 50 without causing major changes in the

EEG charaeteristics orthe extant states ofwake and SWS during deprivation, as weil as

ofPS during recovery (Fig. 2). Acc:ording to visual inspectionof the record and
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quantitative asscssment offtequency band activity, the EEG wu relatively unchanged

during waldng and wu characterized, as in baseline and control conditions, by high

frequency gammaaetivity and theta waves recorded from limbic cortex [Fip. 2, right

retrosplenial (RRS), 3, 4]. Across deprivation clays, though, there wu a progressive

increase in pmma activity during waking that wu significant for the deprivation

condition (F = 6.068; df=3; P < O.OS). The EEG during SWS was relatively unaltered

and characterized as in baseline and control conditions by high-amplitude delta waves

during deprivation and recovery (Figs. 2-4). There were no significant differences in

amplitude ofdelta aetivity in SWS. PS during recovery (day 4) appeared simil~ in its

EEG characteristies to that during baseline (Figs. 2, 4, Day 1). Gamma and theta aetivities

were not quantitatively different nom those in baseline PS. The change in PS during

recovery was thus measured as being ooly in amount (Fig. 4), which particularly retleeted

consistently increased duration oCPS episodes (2.44 ± 0.49 vs 1.84 ± 0.35 min,

mean± SEM; t = 12.5; df= 3;p < 0.05 with paired comparison ofrecoveryto baseline

values), in addition ta ftequently increased numbersofPS episodes (23 ± 4.3 vs 17 ± 2.7;

t = 1.58; df= 3, not significant).

c-Fos+ expression in cell groups ofthe pontomesencephalic tegmentum

The number ofsingle-labeled c-Fos+ cells varied signiticantly as a funetion ofthe

experimental condition in MOst cell groups (Table 2, c-Fos+). However, whether there

was an increase ordecrease in the PS recovery condition depended on the individual cell

group. In the cholinergie cell group, including its fournuclear subdivisions, c-Fos+ cells

were greater in the PSR condition than in the PSD or PSC conditions (Table 2, Sum). In

the serotonergiccell group, including its two nuclear subdivisions, e-Fos+ cells were not

consistently different in the recovery condition. In the noradrenergic cell group, including

its two nuclear subdivisions, c-Fos+ cells were lower in the recovery condition than in the

deprivation condition. In the central gray areas, which lie adjacent to the cholinergie and

monoaminergic cell groups, c-Fos+ cells were greater in the PS recovery condition than

in the deprivationand control conditions. The different variations according to condition

in c-Fos+ cells across the different cell groups appeared to depend on the predominant
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œil types located in those regions, as could ooly be Mly appreciated by dual

immunostaining fore-Fos and specifie neurotransmitter or synthetie enzyme (Figs.S-8).

In the cholinergie œil group, ChAT-immunostained cells expressmg c-Fos (Fig.

SA) varied significantly as a funetion ofcondition(Table 2, ChAT+/e-Fos+). The sum of

ChAT+/e-Fos+ cells was greaterin the recovery condition than in the deprivation and

control conditions (Table 2, Sum). The greater number ofChAT+/e-Fos+cells in the

recovery condition as compared with the deprivationcondition was apparent across the

cholinergie nuelei ofthe pontomesencephalietegmentum (Fig. 6, LDTg, LDTgY, PPTgM,

PPTgL). Within individual nucle~ these differences were stalistically signifieant for the

laterodorsal tegmental nucleus (LDTg), in which the number ofChAT+/c-Fos+ cells in

the recovery condition was higher than in the deprivation condition, and for the

pedunculopontine tegmental nucleus, medial part (pPTgM), in which the number of

ChAT+/c-Fos+ cells in the recovery condition was higher than in both the deprivationand

control conditions (Table 2). Within the LDTg, the numberofcells in the deprivation

condition was also significantly lower than in the control condition. Across conditions,

the number ofChAT+/c-Fos+ cells within the LDTg was significantly positively

correlated with the percent lime spent in PS during the final 3 br recording period

(r = 0.68; Fig. 9). It was not significantly correlated with the percent SWS but was

significantly negativelycorrelated with the percent waking (r =0.73; df= Il;p < .05).

With stepwise backward removal ofvariables in a multiple regression Iinear model,

removal ofthe waking variable did not eliminatethe significant correlation ofPS with the

number ofChAT+/e-Fos+cells.

In the serotonergic œIl group, Ser-immunostained cells expressing c-fos (Fig.

SC) varied signiticantly as a funetion ofcondition (Table 2, Ser+/c-Fos+). The number of

Ser+/c-Fos+ cells was significantly lower in the recovery condition than in the

deprivation and control conditions (Table 2, Sum). The lower number ofSer+/c-Fos+

cells in the recovery condition as compared with the deprivation condition was apparent

in both the dorsal and median raphe nuclei (Fig. 7,D~MR). Within both nuclei, the
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difference between the recoverycondition and deprivation and control conditions wu

significant(Table 2). AcrolS conditions, the number ofSer+/c-Fos+ cells within the DIl

wu significandy neptively correlated with the percent time spent in PS during the final

3 br recording period (Fig. 9; r = 0.73). Il was not significandy correlated witheither the

percent SWS orwaking.

In the noradrenergic œil group, TH-immunostained cells expressing c-Fos (Fig.

SD) varied significandy as a iùnetion ofcondition(Table 2, TH+/c-Fos+). The number of

TH+/c-Fos+ cells was significantly lower in the recovery condition than in the

deprivation condition(Table 2, Sum). The lower number ofTH+/c-Fos+ cells in the

recoverycondition as compared with the deprivation condition was apparent in bath the

locus coeruleus and subcoeruleus, part (Fig- 8,Le, SubCA). Within bath nuclei, the

difference between the recoverycondition and deprivation condition was significant

(Table 2). In addition, for both the sum and Le, TH+/c-Fos+ cells were significantly

greater in the deprivation condition than in the control condition(Table 2, Sum and Le).

AcrolS conditions, the number ofTH+/c-Fos+cells within the Le was significantly

negatively correlated with the percent time spent in PS during the final 3 br recording

period(Fig. 9; r = 0.61). It was not significantly correlated withthe percent SWS but was

significantly positively correlated with the percent waking (r =0.60; df= Il;P < 0.05).

With stepwise backward removal ofvariables in a multiple regression linearmodel,

removal ofthe waking variable did not eliminate the significant correlation ofPS with the

number ofTH+/c-Fos+ cells.

In ail œil groups, including the central gray areas adjacent to the cholinergie and

monoaminergic cell groups, GAD-immunostained cells expressing c-Fos were evident

(Fig. SB) and varied significantlyas a function ofcondition (Table 2, GAD+/e-Fos+). The

numberofGAD+/c-Fos+ ce!ls was significantly higher in the recoverycondition than in

the deprivation and control conditions in ail regions (Table 2, Sum). The higher number

ofGAD+/c-Fos+ cells in the recovery condition as compared with the deprivation

conditionwas apparent in ail œil groups and nuclei ofthe pontomesencephalic

tegmentum where GAD+ cells are distributed (Figs. 6-8). In everyone ofthese nucle~ the

number ofGAD+/c..Fos+ cells was consistently higher in the recovery condition than in
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the deprivation and control conditions (Table 2). In none ofthe groups or nuclei were

there significant differences betwcen the deprivation and control conditions(Table 2).

AcraIS conditions, the number ofGAD+/c-Fos+ cellswu significantly positively

correlated with the percent time spent in PS in ail nucle~ u illustrated for the cells in the

LOTS (r =0.8S), the DR (r =0.92), and the caudal central gray adjacent ta the Le (Fig.

9; r = 0.70). ft wu not significantlycorrelated with either the percent SWS orwaking.
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2.2.5 Discussion

The present results demonstrate that during PS rebound, the number ofc-Fos

expressing cholinergie cells is increased, whereas the numbers ofe-Fos-expressing

monoaminergie neurons are decreased, suggesting a reciprocal change in the aetivity of

these œil groups. Moreover, the number ofGABAergic cells expressing e-Fos during

rebound is increased, suggesting that they MaY a1so be active during PS and involved in

suppressing the aetivity ofsurrounding monoaminergic cells.

The changes in c-Fos expression are interpreted here as retlecting changes in

neuronal aetivity associated with the different experimental conditions. It must be

mentioned, nonetheless, that such changes may also retleet changes in other cellular

processes that can he stimulated by chemical messengers independent ofneuronal

discharge, although also dependent on changes in intracellularcalcium (Morgan and

Curran, 1986).

Cholinergie cellgroup

PS recovery resulted in increased numbers ofcholinergie neurons expressing c

Fos in the laterodorsal and pedunculopontine tegmental nuclei, and across conditions the

percent PS was significantly positively correlated with their numbers, supPOning the

hypothesis that cholinergie tegmental neurons are actively involved in PS generation. As

confinned here, previous studies examining single-Iabeledc-Fos+ cells rePQrted increases

within the cholinergie œil area in association with enhanced PS (Merehant-Nancy et al.,

1992; Shiromani et aL, 1992; Yamuy et al., 1993). Examining dual immunostainingfor e

Fos and ChAT, one study also found increases in the numberofcholinergic neurons

expressing c-Fos during carbachol-induced PS in cats, although, as is also the case in the

present study, only a small proportion orthe cholinergie cells were c-Fos+ (Shiromani et

al., 1996). Another more reeent study failed to confinn the latter result in cats (Yamuy et

al., 1998). However, because carbacholaets directly on target neurons orthe cholinergie
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cells (Vanni-Mercieret al., 19~9; Jones, 1990), its pharmacological efl'ect would not

depend on increased aetivity by the cholinergie cells.ln vivo electrophysiological studies

have identified slow-spiking DeurOns as possibly cholinergie neurons and reponed that

these cells are PS-on cells, ail discharging al higher rates during PS thanduring SWS and

some higher during PS than during waking (Sakai and Jouvet, 1980; El Mansari et al.,

1989; Sterïade et al., 1990a,b; Kayama et al., 1992). Recently, juxtaeellular labeling with

biocytin combined with staining for NADPH-diaphorase bas provided histochemical

evidence that 50ch slow-spoong neurons are cholinergie (Koyama et al., 1998).

Electrophysiologically eharacterized neurons have moreover been shown ta he inhibited

by carbachol microinjections (as "Carb.I PS-on" neurons) in vivo (Sakai and Koyama,

1996), similar to the response to carbachol documented on identified cholinergie cells in

vitro (Leonard and Llinas, 1994). Funherevidence that cholinergie tegmental neurons are

PS-on œlls comes tram bioehemical studies showing that in the thalamus and the

brainstem pontine and medullary retieular formation, ta which the cholinergie tegmental

neurons project (Jones and Webster, 1988; Pare et al., 1988; Jones, 1990), ACh release is

greaterduring PS than during SWS and in the brainstem, also greater than during waking

(Kodama et al., 1990, 1992; Becker et al., 1994; Williams et al., 1994; Leonard and

.Lydic, 1995).

PS rebound was al50 associated with an increase in the number ofGABAergie

neurons expressing c-Fos within the cholinergie cell area, and across conditions, the

percent PS was positively correlated with their number. A significant propanion of

neurons in the cholinergie œil area that show increased c-Fos expression in association

with naturally occuning PS (Merchant-Nancy et al., 1992; Shiromani et al., 1992) and

also with carbachol-indueedPS (Yamuyet al., 1998) would thus, as the latter study also

showed, be noncholinergic and as the present study shows, MOst likelyGABAergie.

GABAergic neurons are codistributed with the cholinergie neurons in the laterodorsal and

pedunculopontine tegmental nuclei (Ford et al., 1995) and could correspond in part to

other electrophysiologically identified PS-on ceUs, which display briefspikes and

disehargerapidly (Sakai and Jouvet, 1980; El Mansari et al., 1989; Steriadeet al.,

1990a,b; Koyama et aL, 1998). In contrast to the putative cholinergie, these presumed

noncholinergic, PS-on ceUs are excited by carbachol microinjections ("Carb-E PS-on"
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neurons) in vivo (Sakai and Koyama, 1996). According to the electrophysiological study

ofthese presumed noncholinergic Carb-E PS-on neurons and to the

chemoneuroanatomical study ofthe GABAergic neurons in the cholinergie œil area,

some PS-on GABAergic neurons could be projection neurons and project in parallel with

the cholinergie neurons into the forebrain (Ford et al., 1995). Other GABAergiccells may

he locally projecting neurons and iDDervate œil bodies or dendrites ofneighboring

monoaminergie neurons (Jones, 1991a,b), which they could thus inhibit during PS. In

either case, they would appear 10 be active in parallel and perhaps also in serieswith the

cholinergie nemons duringPS.

Monoaminergic cell groups

In the dorsal and Median raphe nuclei, PS recovery resulted in a decrease in the

number ofserotonergic cells expressing c-Fos, supporting the claim that preswned

serotonergic neurons decreaseor cease flring during PS (McGinty and Harper, 1976;

Tulson and Jacobs, 1979). Although a recent study with carbachol-inducedPS in cats

found no significant ditTerence as compared with saline-injected contrais in numbers ofc

Fos-expressing serotonergic neurons, this lack ofdifference was also interpreted as being

caused bya lack ofdischarge by the serotonergic neurons during PS (Yamuyet al., 1995).

Support for the cessation ofserotonergic neuronal discharge during PS cornes tram

biochemical studies that have shown a marked decrease in serotonin release during PS

(portas et al., 1998). In the present study, PS recovery also resulted in an increasein the

number ofGABAergic cells expressing c-Fos in the raphe and central gray, revealing

potentially active inhibitory intemeurons that could be responsible for the suppression of

serotonergic aetivity. These GABAergic cells could represent a proportion ofdorsal raphe

nonserotonergic c-Fos-expressing cells that were increased in number with carbachol

induced PS (Yamuy et al., 1995). The GABAergic c-Fos-expressing neurons May

correspond to neurons that were originally considered to be inhibitory intemeurons, based

on their distinct discharge properties and response to stimulation, which was recipracal ta

that ofthe dorsal raphe serotanergic neurans (Aghajanian et aL, 1978). Presumed

nonserotonergic neurons have been recorded across the sleep-waking cycle, and some
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reported to increase their discbarge durins PS (Sheu et al., 1974; Shimaet al., 1986;

Kocsis and Vertes, 1992). GABAreleue meuuredin the dorsal raphe bu been reported

10 be higber during PS thanduring SWS orwaking (Mtz and Siege~ 1997.).

MicroperfùsionwithGAB~antagonists, bicuculline, or picrotoxin in the dorsal raphe

bas been reported ta lift inhibition ofscrotonergic neurons during sleep (Levine and

Jacobs, 1992) and al50 to decrease PS (Nitz and Siese~ 1997a). In summaiy, within the

raphe, the inverse correlations ofpercent PS with GABAersic versus serotonergicc-fos

expressing neurons suggests tagether with other evidence, that GABAergic raphe neuroDS

are PS~n cells, which may he partly responsible for the important inhibition of

codistributed serotonergicPS-offcells.

In the locus coeruIeus and subcoeruleus, there was a significant decrease in the

numben ofnoradrenergic c-Fos-expressingcells during PS recovery as compared with

deprivation and • significantnegative correlation in these numbers with the percent PS

across conditions. These results support the cIaim that noradrenergic locus coeruleus

neurons cease firing during PS and may accordingly play a permissive role in PS

generation (Hobson et al., 1975;McCarley and RobIOn, 1975; Aston-Iones and Bloom,

1981a). Withcarbachol-induced PS in cats, no significant difference wu documented in

c-Fos-expressing noradrenergic neurons relative ta controls(Yamuy et al, 1995). In the

present study, PS recovery resulted in an increase in the number ofc-Fos-expressing

GABAergic neuroDS, which were located in the vicinity ofthe noradrenergic cells and

which could thus aet as local inhibitory neurons. These GABAergic cells cou1d represent

a proportion of the non-noradrenergic c-Fos-expressingcells in the locus coeruleus region

that were round ta he inaeased with carbachol-induced PS in cats (Yamuyet al., 1995).

In supportof increased aetivity during PS ofGABAergic neurons innervatingthe locus

coeru1eus, biochemical studies have found greater release ofGABA in the locus

coeruleus during PS than during SWS orwaking(Nitz and Siege~ 1997b). Moreover, the

cessation ofdischarge by locus coeruIeus neurons during this state CID he reversed by

microinjection ofthe GABAA antagonist bicuculline (Gervasoni et al., 1998), which also

results in a decrease in PS (Kaur etai., 1997). In summary, the present results showing

inverse correlations ofPS with GABAergic versus noradrenergic c-Fos-expressing
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neurons provide evidence tbat GABAergic neurons are active during PS and may he

responsible for the important inhibition ofadjacent noradrener~c neurons duringPS.

Interaction between cell groups

The present results substantiate the concept that cholinergie tegmental neurons are

aetively involved, as PS-on cells, whereas monoaminergie neurons may be permissively

involved, as PS-offcells, in PS geneiation (Sakai, 1988; MeCarleyet al., 1995). Given

pharmacological evidence that serotonin and noradrenaline inhibit cholinergie tegmental

neurons (Luebke et al., 1992; Williams and Reiner, 1993; Leourd and Llinu, 1994;

Leonard et al., 1995), the monoaminergie neurons could tonica1ly inhibit cholinergie

neurons during the waking state, rendering them PS-on/Wake-offcells. The reciprocal

increase in noradrenergie locus coeruleus c-Fos-expressing neurons and decrease in

cholinergie laterodorsal tegmental e-Fos-expressing neurons during PS deprivation could

ref1ect such an influence in the present study, as weil as confinning the role of

noradrenergic neurons in hehavioral and cortical arousaland stress (Foote et al., 1980;

Aston-Iones and Bloom, 1981a,b; Abercrombie and Jacobs, 1987; Iones, 1991c; pezzone

et al., 1993; Tononi et al., 1994). However, in view ofthe reported high levelsof ACh

release in the thalamus during waking (Williams et al., 1994), it is unlikely that ail

cholinergie tegmental neurons are tonically inhibited during this state. Anather possibility

is that a subset ofcholinergie neurons having particular projections are PS-on/Wake-off

cells, such as those projecting ioto the brainstem(Iones, 1990), where ACh release is

greater during PS than during wakinS (Kodama et al., 1990, 1992). Electrophysiological

evidenee bas recently been presented that there are two subsets ofputative cholinergie

neurons, one that is PS-onIWake~ffand inhibitedby serotonin, and another that is PS

onIWake-on and unaffected by serotonin (ThakIw et al., 1998). The present results would

support the hypothesis that a subset ofcholinergie neurons may be selectively active

during PS and reciprocally related in their aetivity ta monoaminergic neurons across the

sleep-waking cycle.
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In addition, the present results indieate that GABAergie neurons tbat ue

codistributed with cholinergie and monoaminergie neurons in the pontomesen.cepbalie

tegmentum are also active duringPS and could accordingly, u PS-on celIs, inhibit the

IDOl'OIminergiePS-offcells. Simultaneous unit recordings ofputative cholinergiePS-on

and monoaminergic PS-otfcells during transitions into and out ofPS have revealed

mirror imase changes in their discharge, such u to suggest a nmtual inhibitory

relationship between them (Sakai, 1988). Because ACh is excitatory ta monoaminergic

neurons(Egan and Nonh, 1986; Li et al, 1998), the cholinergie cellscould only efrect

sueh an inhibition via local intemeurons (Jones, 1991b). Reported putative DOncholinergic

PS-on ceUs that are excited by carbachol (Sakai and Koyama, 1996) could correspond in

part ta such GABAergic intemeuroDS. GABAergic neurons in the pontomesencepbalic

tegmentum would accordingly play an integraJ role in the generation ofPS.
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2.3 Conclusions

The pontomesencephalie tegmentum bas long been Imown to he imponant in the

induction and generation ofPS. Lesioning rostrally projecting eft'erents &am this region

result in • lou ofPS cbaracteristics in rostral braiDl structures, while lesioning caudally

projecting etrerents results in • loss ofPS characteristics in caudal brain structures and

the periphery (Jouvet, 1962). Within the pontomesencephalic tegmentum, c-Fos

expression in cholinergie neurons wu increased while c-Fos expression in

monoaminergie neurons wu decreasecl in association with PS rebound, COnfirmiDg the

earlier hypothesis ofan active cholinergie role, and a permissive monoaminergic

involvement, in PS generation. Moreover, c-Fos expression in GABAergie neurons 00

distributed with cholinergie and monoaminergic neurons was increased during PS

rebound. The hypothesis that GABAergie neurons are responsible for the inhibition of

monoaminergic neurons during PS is presented. The efferent projections from these

pontomesencephalic tegmental neurons cao provide modulatory influences on ascending

and descending systems that may Mediate the initiation and generation oeps
characteristies in ather brains structures.
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2.5 Tables andFigures

Table 1.

Percentage oftime spent in Wake, tSWS (transition ftom Wake ta SWS), SWS, tPS

(transition ftom SWS ta P5), and PS per clay (scored per 20 sec epoch over -3 bour

recording period) across the four experimental clays for animaIs in each condition (mean

± SEM, n = 4). A repeated measures ANOVA was perfonned on the entire data set with

two trial factors ("state" and "day") and one grouping factor

("condition") and revealed significant variance across state with a significant interaction

ofstate with condition, day, and condition and day. The data were further analyzed per

stale by repeated measures ANOVA tests with one trial factor (day) and one grouping

factor (condition). There was a significant main effect ofcondition for W, SWS, tPS, and

PS. In these cases, post hoc tests were perfonned per day across conditions (pSR or PSO

vs PSC; PSR vs PSD) using Fishers pairwise comparisons. In cases where there was a

significant ditTerence between conditions on days 2, 3, or 4, another post hoc test was

perfonned to detennine whether there was a significant difference between those

experimental days and day 1 (baseline) within that group. Differences with respect to

PSC are indicated by· P~ 0.05. Differences in PSR with respect 10 PSD are indicated

by p ~ O.OS. In those cases in which there was not a significant difference with respect to

baseline, the symbols are placed within parentheses.
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Table 1. Sleep-\\1Ike slates aaoss days for Paradoxical Sitep (pS) Control.

Deprived (PSD) and Iœcovcry (PSR) Groups.

DAY l DAY 2 DAY 3 DAY 4
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Table 2.

Cell counts were taken ftom five adjacent series ofsections cut al 25 J1m and collected at

200 J1m intervals.

• c-Fos+ cell numbers correspond ta the mean± SEM ofthe total number ofsingle

labelled e-Fos+ cells counted unilaterally per nucleus in two sections (at -A 0.5 and -A

0.1) for all rostral structures or in one section at (-P 0.3) forLC, SubCA, and cCG. Sum

refers ta the Mean ± SEM ofthe total unilateral œil count for nuclei ofthe cholinergic,

serotonergie, noradrenergic, or central gray cell groups.

b Double-Iabelled cell numbers correspond ta the Mean ± SEM ofthe total number of

cells counted bilaterally and averaged for the two sides in sections extending thraugh the

cholinergie, serotonergic, noradrenergic, or neighboring central gray cell groups. Double

labelled cholinergie and serotonergie cells were counted through the major extent oftheir

rostrocaudal distribution, which varies according to the specific nucleus (Ford et al.,

1995). Double-Iabelled noradrenergic cells were counted through the rostral ta middle

levels oftheir distribution. Double-Iabelled GABAergic cells were counted on adjacent

sections at corresponding levels in each cell group and nucleus (except the Le) and also

in rostral and caudal central gray areas neighboring the DR and LC, respectively.

Accordingly, counts were performed in the following number ofsections for each

nucleus. ChAT+/c...Fos+ cells or GAD+/c-Fos+ cells were counted: in four sections for

theLDTg (between-AO.7 and -AU.l) and thet'1'1~gM.(between-AO.9and -A 0.3)

and in five sections for LDTgV (between -A 0.7 and -P 0.1) and PPTgL (between-A

1.1 and -A 0.3). Ser+/c-Fos+ or GAD+/c...Fos+ cells were counted in five sections for the

DR and MR. (between -A 0.7 and -P 0.1). TH+/c-Fos+ cells were counted in three

sections for the LC (between -P 0.1 and -P 0.5), and TH+/c-Fos+ or GAD+/c-Fos+ cells

in two sections for the SubCA(at -p 0.1 and -P 0.3). GAD+/c-Fos+ cells were alsa
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counted in five sections for~ rCG (between -A 0.9 and -A 0.1) and in three sections

for the cCG (between -P 0.1 and -P 0.5). Sum refees to the mean ± SEM orthe total

(averase) unilateral œil count for corresponding nuclei ofthe cholinergie, serotonergic,

noradrenergic, or central gray œil groups.

e Statistical tests ofthe variation in œil numbers for the sum ofneurons in cholinergie,

serotonergic, noradrenergic, or central gray œil groups were perfonned using one-way

ANCOVAs with condition as grouping factor and nucleus, section, and animal as

covariates. For Sum, a signiticant main effeet for condition is indicated by p g).OS in the

column under F. With a significant main eirect for som, individual ANCOVAs were

performed for each nucleus with condition as grouping factor and section and animal as

covariates. For individual nucle~ a significant main etrect for condition is indicated by p

g).OS in the column under F. For bath som and individual nuclei with signiticant main

effects ofcondition, post hoc tests between individual conditions were perfonned using

Fisher's pairwise comparisons. A significant ditTerence with respect to PSC is indicated

by * p~ O.OS and with resPect ta PSD by t p ~ O.OS.
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Table 2. Number of identified single·labelled, c-Fos+. or double·labelled ,ChAT+/c_fos+ neurons, Ser+/c-Fos+ neurons, TH+/c·Fos+ neurons and
GAD+/c·FoS+ neurons in the cholinergic. eer(looergic, nonut'engic II1d adjacent periventiricular gray afeas ot'the
ponlomesencephalic legmentum in Paradoxical sleep (PS) Control (PSC). Deprived )PSD) and Recovery (PSR).

e.FoI+' ChAT+1c·F OI+D Ser/e.ForD TH+/c.ForD OAD+/c·ForD

Nucl.... psc PSI) PSR F' PSC PSD PSR F' PSC PSD PSR F' PSC PSD PSR F psc PSD PSR F

LDT,I 6115:t1008 632S!1294 1063&iluit. 421),,] 51 2DltHf 5)i3f651t. 29 5O.t10 7J li 00H11 lflJJ±1J It •

LDT,v l n.1HS4~ SJ 111S23 611H641 • Jl!lU119 1500~1 S3 IUltl&) 1161*2 !IlS 18111:529 JI 00:t6 7lt •

PPTIM 1 l1Jls.t34JJ 8350:t163 P62Stl64 121~)43 Uh044 20i3i4lft. 26 11i1l 61 1933*259 4441:t'#Jt.

PPliL 1 1715D.iS141 ISJOOtIB.06 251SQt11.D )l~1U71 nn.:t4~ umilM 'QI7.i:'11 1nMi,~~ 51J1!21.Jtt.

ltIIJ JIf.8tIf.D UUlt2UUI7.~. IIW%t1IJ 15JJtll.J2 lD.1't12ATt • 1UJ~17A1 aJD1"06 mI1UU5~ •

DR I 37.50,*)7.5 6450ilt 12 IlH3UJlTt. 24 i7i 360 2917..$96 12 a3-t0 ait • IOSOf275 767·260 29J7H31t.

MR I .l611H:1lH4) l1JJlt.4J1JII0,#jJ.~Jl 0'# Jl7s.t762 3975t1l2S 1417.t69if • 4467t:1417 3800-tIO 6110411Ul~ ~V.

.- !mSt........4U7 ZB.*2Ul 5UOtUJ' &7.17:tut 27_7~ • ~1111 4U7:!U2 IMaltSlJN •

LeI 2I2ti450 J2.1SiJ4J ISOOt2:lt • 9OOtO 14 121J.t2sr 16lt060t.

sut.CA 1 6300.1299 91JlilS60 61 oo.m)1 1.Mt.U41 l,)~/1 U,)\)tUj()t. JI ~ ..)ll lKW;t40U 51 OlltlO R!t•.. tI,at1U7 ...17J. 1UItIUlt • • llItOJtt •IOP 0A7 lUJf:tM

rCOI 1590Qt43S4 1411Stll81 2100iJOOn. 4' 61:t1l61 24SOi681 122jOtI2dt•

eCOI l'''M~HIl l'O,U1U7 1~lont\Q'r9 4HH225J 411l1:tll'~ 14M:tQ4ft._1 ~"2fJ7 • ....tt• "?tA" ..".11.11 .....Is4t •

• • •



•

•

•

Figure 1. Diagram illustrating lime course oftreatments for the three different

experimental conditions: PSC, psn, and PSIl. Whereas the PSC group remained on a bed

ofwoodchips, the PSD and PSIl groups were placed on invened tlower pots surrounded

by water for -53 or -50 hrs deprivation ofPS (Days 2-4) in the recording chambers. The

PSll group wu retumed ta the woodchips to a1low -3 br recovery ofPS. Animals were

anesthetized and perfused (t) al the end ofthe contro~ deprivation, or recovery periods

(on day 4). EEG recording was performed each day for 3 br in the aftemoon. Animais

were rnaintained on a 12 br lightldark cycle (with lights on trom 7:00 AM. ta 7:00 PM.,

as indicated by Iight shading). See Materials and Methods for further details.

75



Day 4Day 3Day 2Day l

B.....e 1 o.troI CCIIIIuI 0DIru1

1B.....e ID-.n-œ DqJllYllœ D4pIV....

B.....e ID~_ olplivd_ R«œlly

1

a_ a_ a_ a_
l'" --. . . . . . . .

PSD

PSC

PSR

IllII'" aœ'lil I~'M 1:œ'1ilr

•

.r OnFl~Pot
Cage CJeartq

_ Recor<ting Periods
LightJ'Ou'k

t Anesthesia and Pemmon

•



•

•

•

Figure 2. EEG and EMG associated with wake, SWS, and PS on clay 1(baseline) and

day 4 ftom two representative animais within the PSD (left) and PSR (right) groups.

There is no apparent difference in EEG aetivity during wake or SWS in either group or

during PS in the recovery group between days 1 and 4. The EEG was recorded ftom the

RRS cortex.
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Figure 3. Hypnogram showing sleep-wake states (top row, with PS also indicated by

black bars undemeath; scored per 20 sec epoch during the 3 br recording period) over the

four experimental clays in one representative animal ofthe PSD condition. Activity in the

gamma (30.5-58.0 Hz) and delta (1.5-4.0 Hz) ftequency bands and the ratio oftheta (4.5...

8.5 Hz) ta delta (Th/De, indicative oftheta aetivity) are shown for EEG. Total aetivity

(1.5...58 Hz) is shawn for EMG. Parallel increases in gamma and theta reflect cortical

activation during wake and PS, which is also accompanied by low EMG aetivity, whereas

high delta aetivity ref1ects SWS. Note on days 2, 3, and 4, the persistence ofSWS marked

by high...amplitude delta, despite the deprivation ofPS. Aetivity displayed as amplitude

units scaled to maximum.
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Figure 4. Hypnogram showing sleep-wake states (top row, with PS al50 indicated by

black bars underneath; scored per 20 sec epoch during the 3 br recording period) over the

four experimental days in one representatÏ\"e animal ofthe PSR. condition. Activity in the

gamma (30.5-58.0 Hz) and delta (1.5-4.0 Hz) ftequency bands and the ratio oftheta (4.5

8.5 Hz) over delta (Th/De, indicative oftheta aetivity) are shawn for EEG. Total activity

(1.5-58 Hz) is shown for EMG. Parallel increases in gamma and theta reflect cortical

activation during wake and PS, which is alsa accompanied by low EMG aetivity, whereas

high delta aetivity reflects SWS. Note on days 2 and 3, the persistence ofSWS marked by

high-amplitude delta, despite the deprivation ofPS. The recovery and rebound ofPS is

evident on day 4 by the presence ofhigh-amplitude gamma and theta activity with

diminished EMG. Activity displayed as amplitude units scaled to maximum.
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Figure S. Photomicrographs ofsections dual-immunostained for c-Fos (blue granular

cbromogen, BDHC) and ChAT (A), GAD (8), serotonin (C), or TH (D) (brown

chromogen, DAB). Black arrowheads indicate double-labeled cells, and white

arrowheads indicate examples ofadjacent single-Iabeled c-Fos+ cells. Scale, 2S Jlm.
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Figure 6. Computerized atlas figure through the pontomesencephalic tegmentum (-A

0.5) showing the cholinergic œil group (top) where ChAT+/c-Fos+ cells (circles) and

GAD+/c-Fos+ cells (triangles) were mapped (bottom) in representative animais from

PSD (left) and PSR (right) groups. Note apparent increase in ChAT+/e-Fos+ cells and

GAD+/c-Fos+ cells in the PSR. condition compared with the PSD condition. LDTg,

Laterodorsal tegmental nucleus; LDTgV, laterodorsal tegmental nucleus, ventral part;

PPTgM, pedunculopontine tegmental nucleus, medial part; PPTgL, pedunculopontine

tegmental nucleus, lateral part.
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Figure 7. Computerized atlas figure through the pontomesencephalic tegmentum (-A

0.5) showing serotonergic œil group and surrounding rostral central gray area (top)

where Ser+/c-Fos+ cells (asterisks) and GAD+/c·Fos+ œlls (triangles) were mapped

(bottom) in representative animais ftom the PSD (left) and PSR (right) groups. Note the

apparent decrease in Ser+/c·Fos+ œlls and increase in GAD+/c-Fos+ cells in the PSR

condition compared with the PSD condition. rCG, Rostral central gray; DR, dorsal raphe

nucleus; Ma, Median raphe nucleus.
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Figure 8. Computerized atlas figure through the pontomesencephalic tegmentum (-P

0.3) showing noradrenergic cell group and surrounding caudal central gray (top) where

m+/c-Fos+ cells (squares) and GAD+/c..Fos+ cells (triangles) were mapped (bottom) in

representative animais ftom PSD (Ieft) and PSR (right) groups. Note the apparent

decrease in m+/c-Fos+ cells and increase in GAD+/c-Fos+ cells in the PSR condition

compared with the PSD condition. ceG, Caudal central gray; Le, locus coeruleus;

SubCA, subcoeroleus nucleus, Cl part.
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Figure 9. Numbers ofChAT+/c-Fos+ and GAD+/c-Fos+ neurons in the LDTs, Ser+/c

Fos+, and GAD+/c·Fos+ neurons in the DR, and m+/c-Fos+ neurons and GAD+/c-Fos+

neurons in the Le and neighboring cCG, respectively, for the three different groups, PSC,

PSO, and PSR. As according to the statistics detailed in Table 2, there wu a significant

main effect ofcondition in every case shawn. According ta post hoc tests, there were

significant differences between individual conditions as indicated: PSR. or PSD versus

PSC, *p O.OS; PSR versus PSO, p O.OS. The inserts in the top left corners show linear

regression plots and coefficients ofœil numbers with the percent ofPS across conditions.

The scale ofthe x-axis is consistent for all boxes and represents percent PS (0-40010), as

indicated. The scales ofthe y-axes correspond ta the number ofcells, as indicated in the

respective full scale y-axis for each œil type and nucleus. Correlations between percent

time spent in PS and the number ofdouble-Iabeled cells in each nucleus were examined

by multiple linear regression with animal as a covariate (*p O.OS, df= Il). See Table 2

and Materials and Methods for other details.
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Chapter Three

Pontomedullary Reticular Formation

A portion ofthis chapter was published in Journal ofNeuroscience, Vol 20(12):../669-1679, 2000
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3.1 Introduction

Having confirmed the activation ofcholinergie neurons ofthe

pontomesencephalic tegmentum during PS, the next issue approached in this series of

studies was whether aetivity in the pontomedullary brainstem, a projection site ofthe

cholinergie neurons, was a1tered in PS. There is evidence ofa cholinergie induction of

the PS eharacteristic ofmuscle atonia (Morales et aL, 1987), and muscle 810ma is

believed to he relayed through the medulla since stimulation ofthis area results in muscle

atooia (Magoun and Rhines, 1946) (Chase et al., 1986). Immunohistochemical staining

for c-Fos together with the neurotransmitter, serotomn, or the synthetic enzyme for

GABA, was used for identification ofactivation in serotonergic and GABAergic neurons

ofthe reticular and raphe nuclei during PS rebound. The study supports the hypothesis

that activation ofthe pontine reticular nucleus, par oralis (pnO), by possible disinhibition,

May aetivate other systems including GABAergic neurons in caudally located medullary

reticular and raphe nuclei which may in tum cause inhibition of motor neueons and/or

local inhibition ofserotonergic neurons.
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3.2 c-Fos expression in G~Aergic, serotonergic, andother neurons ofthe

pontomedullary reticularformation andraphe afterparadoxical sleep deprillation

andrecovery

3.2.1 Abstract

The brainstem contains the neural systems that are necessary for the generation of

the state ofparadoxical sleep (PS) and accompanying muscle atoma. Important for its

initiation are the pontomesencephalic cholinergie neurons that project into the

pontomedullary reticular formation and that we have recently shown increase c-fos

expression as a retlection ofneural aetivity in association withPS rebound after

deprivation in rats (Maloney et al., 1999). As a continuation, we examined in the present

study c-Fos expression in the pontomedullary reticular and raphe neurons, including

imponantly GABAergic neurons [immunostained for glutamie aeid decarboxylase

(GAD)] and serotonergic neurons [immunostained for serotonin (Ser)].

Numbers ofsingle-Iabeled c-Fos+ neurons were significantly increased with PS

rebound ooly in the pars oralis of the pontine reticular nuclei (pnO), where numbers of

GAD+/c-Fos+ neurons wereconversely sigt)ificantly decreased. c-Fos+ neurons were

POsitively correlated with PS, whereas GAD+/c-Fos+ neurons were negativelycorrelated

with PS, suggesting that disinhibition ofreticular neurons in the PnO ftom locally

projecting GABAergic neurons may be important in the generation ofPS. In contrast,

through the caudal pons and medulla, GAD+/c-Fos+ cells were increased withPS

rebound, covaried positively with PS and negatively with the electromyogram (EMG). In

the raphe pallidus-obscurus, Ser+/c-Fos+neurons were positively correlated, in a

reciprocal manner to GAD+/c-Fos+ cells, with EMG, suggesting that disfacilitation by

removal ofa serotcnergic influenc~ and inhibition by impositioncfa GABAergic

influence within the lower brainstem and spinal cord may be important in the

development of muscle atonia accompanyingPS.
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3.2.2 Introduction

In early studies, it wu demonstrated by Jouvet (1962) that the integrity ofthe

pontomedullary retieular formation was critical for the occurrence ofthe state of

paradoxical [or rapid eye movement (REM)] s1eep (PS) and muscle atonia. Subsequent

lesion studies indicated that the reticularis pontis caudalis (Jouvet, 1965)wu the most

important nucleus, yet others indicated that the reticularis pontis oralis was the critical

nucleus for the generationofPS (Cadi and Zanchetti, 1965). Transeetions through the

upperpons (and not the caudal pons) produced a generalized and enduringmuscular

atonia, indicating that the oral pontine tegmentum also had the capacity to tonically

inhibit muscle tonus (Keller, 1945). This influence was thought to be relayed through the

medullary reticular foonation, because stimulation therein was shown to produce

generalized inhibition ofpostural tone (Magoun and Rhïnes, 1946). Indeed, multiple

studies have since shown that stimulation in the medullary or pontine reticular formation

produces motorinhibition (Chase et al., 1986; Lai and Siegel, 1988; Lai and Siegel, 1991;

Kohyama et al., 1998) and that lesions in theseareas diminish or eliminate muscle atonia

(Jouvet and Delorme, 1965; Henleyand Morrison, 1974; Sakai et al., 1979; Hendrickset

al., 1982; Friedman and Jones, 1984; Schenkel and Siege~ 1989;Holmes and Jones,

1994). Acetylcholine (ACh) was revealed to be importantly involved (Domino et al.,

1968; Karczmar et al., 1970; Jouvet, 1972), and when injected into the pontine reticular

formation, its agonist carbachol was shawn to elicit PS and/or muscle atoDia (George et

al., 1964; Mitler and Dement, 1974; Baghdoyan et al., 1984; Morales et al., 1987).

Destruction by neurotoxic lesions ofthe pontomesencephalic cholinergic neurons, which

innervatethe pontomedullary reticular formation (Jones, 1990, 1991), resultedin a loss of

PS and muscle atoDia (Jones and Webster, 1988; Websterand Jones, 1988).

S bstant• tO_ ... ---..:..........1_:__ ~I.. ...~ --.......-':I~ 1.. ...1:_ - ...: .. - ••- ..._- --~ ........:•. d ° dU la luf6 ya. ~ uv,",,,, ",a.AUU,,') uaa.. ya. "'''',",&la.'''\06 CUVUU\;t ~t'" u~,",a.vu~ CoU "" 1A"'''a."e unng an

thus capable ofstimulatingPS (ElMansari et al., 1989; Kayama et al., 1992), we reœntly

reported an increase in c-Fos expression, as a reflection ofneural aetivity (Dragunow and

Faul~ 1989), in choline acetyltransferase(ChAn-labeled pontomesencephalic neurons in

association withPS rebound afier deprivation in rats (Maloney et al., 1999).
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As a continuation of~s researcb, wc sought in the present study ta examine c

Fos expression in neurons ofthe pontomedullaryreticular formation and raphe including,

imponandy, GABAergic and serotonergic neurons in association with P5. GABAergic

neurons are codistributed with glutamatergic or serotonergic neurons and include both

smalilocally projecting and Iarger distandy projectingneurons in some nuclei (Jones et

al., 1991; Holmes et al., 1994;Ford et al., 1995; Jones, 1995). In addition ta playing a

raie in the inhibition ofpontomesencephalic monoaminergic neurons, as our previous c

Fos study suggested (MaIoney et al., 1999), GABAergic neurons within the

pontomedullary reticular formation and raphe could play important roles in mediating the

central and peripheral changes associated with PS, including muscle atonia(Bolmes and

Jones, 1994). To assess potentially differential changes in c-Fos expression as a ref1ection

ofneural aetivity accordingto region and neurotransmitter, we examined c-fos in

glutamicacid decarboxylase (GAD)-immunostained neurons and serotonin (Ser)

immunostained neurons as weil as other chemically unidentified neurons in the pontine

and medullary reticular formation and raphe after PS deprivationand rebound as executed

previously (MaIoney and Jones, 1999; Maloneyet al., 1999).
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3.2.3 MethodsandMaterials

Animais andsurgery. Twelve male Wistar rats (Charles River, Montreal, Quebec,

Canada), weighing -225 gm, were operated underbarbiturate anesthesia (Somnotol;

67 mN i.p.) for the implantationofchronically in-dwelling electrodes for recording the

electroencephalogram(EEG) and electromyogram (EMG), as described previously

(Maloneyet al., 1997, 1999). Animals were allowed 2 or 3 d recovery fromsurgery in the

animal room before being placed in recording chambers for the duration ofthe

experiment.

Recording anderperimentalprocedures. For recording and experimentation, each rat was

placecl in a Plexiglas box that was contained within a larger electrically shielded

recording chamberand maintained on a 12 br light/dark cycle (with lights on ftom 7:00

AM. 10 7:00 P.M.). Animals had ftee access ta food and waterthroughout the

experiment.

The EEG and EMG signais were amplified using a Grass model 78D polygraph

and subsequently sent ta a computer (ALR 386SX) foranalog-tCHiigitai conversion,

filtering, and: storage on bard diskwith the aid ofStellate Systems (Montreal, Quebec,

Canada) computer software, as described previously (Maloney et al., 1997).

PS deprivation was perfonned using the flower pot technique that was previously

shown 10 cause a fairly selective deprivation ofPS with minimal stress in rats

(Mendelson, 1974), as confirmed in its application according to the previously published

procedure(Maloney et al., 1999). This deprivation procedure was reported to not be

associated with changes in the weight ofadrenal glands and thus to not be associated with

severe levels ofstress (Mendelson, 1974). Each rat was placed on an inverted flower pot

that was just large enough (-6.5 cm in diameter) ta hold the animal and was surrounded

by water. As previously described in detail (Maloneyet al., 1999), the experimental

protocol was performed over a4 d period. Recordings were performed in the aftemoon

(-12:00-3:00P.M.) during the natural sleep period of the rat, for the 4 consecutivedays.

On day 1 (the first day before experimental manipulation), a baseline recording was

performed on ail animais. On the remainingthree days ofthe experiment, the "condition"
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wu varied for three different groups (with four animais per group): PS control (PSC), PS

deprivation (PSD), and PS recovery (PSR). (1) For the controlcondition, the PSC animais

remained on a bed ofwood chips intheir recording boxes for the 4 d. At the termination

ofthe experimenton clay 4, the PSC animais were anesthetized for perfusion (at-3:oo or

3:30 P.M) after the aftemoon recording period. (2)For the deprivation condition, the

psn animais were placed on f10wer pots for the second, third, and fourth days ofthe

experiment. On clay 4 after the recording period, the PSD animais were anesthetized for

perfusion (at -3:30 P.M.), having been in the deprivationcondition for -53 br. (3) For the

recovery condition, the PSRanimais were a1so placed on flower pots for the second,

third, and fourth clays like the PSD animais. However, on day 4 after-SO br ofPS

deprivation, the animais were retumed ta a dry bedofwood chips in their recording boxes

ta allow for recovery ofPS. After the recording period, the animais were anesthetized for

perfusion (at -3:00 P.M.), having been in the PS recoverycondition for -3 br after PS

deprivation of-50 br. The experimentswere condueted using two recording chambers

and thus on two animais at one time, ruoning pairs ofPSD and PSR or PSC and PSC

animais.

Perfusion andfixation. The animais were killed under barbiturate anesthesia (Somnoto~

-100 mglkg) by intra-aortic perfusionofa fixative solution (containing 3%

parafonnaldehyde and 0.2% picric acid). The lime between the barbiturate injection and

initiationofthe perfusion wu -10 min.

Immunohistochemistry. Coronal sections were cut al 2S J1m thickness on a freezing

microtome. Up ta six series ofadjacent sectionswere collected every 200 Jlm for

immunohistochemical processingusing the peroxidase-antiperoxidase technique, as

previously described (Maloney et al., 1999). For the immunostaining ofc-Fos protein, an

anti-c-Fos antiserum tram·sheep (Cambridge Research Biochemicals, Cheshire, UK) was

used at a dilution of 1:3000. For neurotransmitteror enzyme immunostaining, rabbit anti

Ser antiserum (1:30,000; Incstar, Stillwater, MN) and rabbit anti-GAD antiserum (1:3000;

Chemicon, Temecula, CA) were used. In all brains, one series ofsections was

immunostained for c-Fos alone using the brown, tloccularreaction product 3,3'

diaminobenzidine (DAB) as chromogen. Inother adjacent sections for the main
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experimental series, c-Foswu immunostained in combination with the neurotransmitter

orenzyme (revealed with DAB) using a sequential procedure with c-Fos in the second

position revealed with the blue granular reactionproduct benzidine dihydrochloride

(BDRe). Controls in the absence ofprimary antibodies and in the presence ofnormal

sera were routinely run with every single and dual immunostaining procedureto ensure

the absence ofnonspecific single or dual immunostaining. Brains ftom sets ofPSD-PSR,

which were rua together experimentally, were processed in the same manner for

immunohistochemistry togetherwith an accompanying PSCbrain.

Analysis ofsleep-wa/œ state data. The EEG was examined by ofT-line analysis on a

computer screen and scored for sleep'wake state by visual assessment ofEEG and EMG

aetivity in 20 sec epochsusing Eclipse software (Stellate Systems) for each 3 br recording

session, as described previously (Maloney et al., 1999). EMG amplitude was computed

(for the total spectrum up to 58.0 Hz). As evaluated by EEG and EMG amplitudes,

epochs were scored as one ofthe three major states wake, slow wave sleep (SWS), or PS

or transition (t) stages, tSWS or tPS, between states (MaIoney et al., 1999).

The number ofepochs scored in each state was calculated as a percentage oftotal

epochs in the 3 br recording session for each day. An overall statistic was performed

using a repeated-measures ANOVA with two trial factors ("state" and "day") and one

grouping factor (condition). Data were further analyzed per state by repeated-measures

ANOVA tests with one trial factor (day) and one grouping faetor(condition). When a

main effect ofcondition was significant,post hoc tests were penormed per day across

groups (pSR or PSD vs PSC; PSR. vs PSD) using Fisher's pairwise comparisons. In the

case in which there was a significant difference between groups (condition), a repeated

measures ANOVA and a post hoc test were performed to examine whether there was a

significant difference in state within groups by comparing the final recording day (day4)

and baseline day (day 1). Changes in average EMG activity (forthe 3 he recording period)

were also assessed. For this purpose, EMG amplitude values were normalized by using

the ratio ofday4 values to those of the baseline, day 1 values for the individual animais.

Statistical tests ofvariance in EMG activity across conditions were perfonned for day
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4 using one-way ANOVA with conditionas a grouping factor and post hoc tests across

conditions performed by Fisher's pairwisecomparisons.

Analysis ofimmunohistochemical data. Cells in which the nucleus wu immunostained

for e-Fos were counted u c-Fos+, and theirnumbers were tabulated for each nucleus on

each section with the aid ofan image analysis system. The sections were viewed witha

Leitz Orthoplan microscope equipped with an x/y movement-sensitive stage and CCD

camera attached to a computer. Single- and dual-immunostained cells were mapped using

a computer-based image analysis system(Biocom, Paris, France) with a resident atlas of

sections throughthe pontomedullary reticular formation (Jones, 1995). Single c-Fos

immunostained cells were mapped and counted unilaterally every 400 JlM in the pons al

representative stereotaxic levels corresponding approximately ta anterior (A) 0.9 through

10 posterior (P) 0.3, and every 800 J.lm in the medulla at representative levels

corresponding approximatelyto P 1.1 through to P 4.3 depending on the specifie nucleus

(paxinosand Watson, 1986; Jones, 1995). Dual-immunostained GAD+/c-Fos+cells were

mapped and counted bilaterally every 400 Jlm al representative stereotaxie levels

corresponding approximately to A 0.9 through ta P 0.3, and every 800 J.lm in the medulla

al representative levels corresponding approximately to P 1.1 through to P 4.3, depending

on the specific pontine or medullary nuclei. Dual-immunostained Ser+/c-Fos+ cells were

mapped and counted bilaterally every 400 Jlm through the pons and medulla at

representative stereotaxic levels corresponding approximately to P 0.7 through ta P

4.3 dependingon the specific raphe or reticular nucleus. The experimenter (K.J.M.)

mapping the cells did not have knowledge ofthe experimental group (pSD-PSR-PSC) ta

which the individual brains belonged. She was only given this information after ail the

data were tabulated on computer spreadsheets, when the condition group wu inserted for

the statistical analysis ofthe completed data set. Cell countswere tabulated automatically

for each reticular and raphe nucleus and averaged for the pontine and medullary regions.

Whether the numbec ofcells counted ovec multiple levels (sections) pee nucleus

per animal varied as a function ofcondition was examined for the regions ofthe pons and

medulla. A one-way ANOVA was used, with condition and "nucleus" as grouping factors

and "section" and "animal" as covariates. In the case ofa significantmain effeet in a
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region, statistieal differences i.n the numberofcells in individual nuelei within the pontine

or medullary regions were subsequendy examined using a one-way ANOVA with

condition as grouping factor and section and animal as covariates. When there wu a

significant main effect ofcondition, differences in cell counts between individual

conditions were anaIyzed bypost hoc tests using Fisher's pairwise comparisons. When

differences in œil counts were significant across conditions in a regionor nucleus, a

generallinear model wu used to detennine whetherœil counts varied as a funetion ofPS

or other states. Usingan interactive stepwise funetion with multiple Iinear regression, PS

wu entered as the independent variable, testing the hypothesis that it accounted

significandy for a proponion ofthe variance in cell counts across conditions. In the

absence ofa signiticant relationship ofœil counts with PS, SWS was stepped ioto the

equation, and PS and SWS were evaluated in the model. In the absence ofa significant

relationship with PS and SWS, PS was stepped out and SWS was examined as a single

independent variable. Finally, ifthese models including PS, PS, and SWS or SWS were

not significant, wake was evaluated as the independent variable in the model. Inaddition,

EMG wu examined separately as the independent variable. For nuclei in which a

significant relationship was found betweenthe number ofcells and state or EMG, simple

correlations were examined. For these simple correlations, the total number of labeled

cells counted was calculated for each reticular and raphe nucleus per animal by adding

averaged bilateral counts across sections. Ta assess the correlation between total cell

number and sleep states in the case in which a significant relationship wu found with PS

and SWS in the model, the standard partial regressioncoefficient for PS and SWS wu

calculated, and the residuals (PS(sws») were plotted in the regression with ccli number.

Ail statistics were performed using Systat (version 9) for Windows (Evanston, n..).

Figures were prepared for publication using CorelDraw (Ottawa, Ontario, Canada).
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3.2.4 Results

Sleep-wa/œ state changes

In comparing the sleep-wake states across the two experimental and control

conditions (pSIl vs PSD; PSR and PSD vs PSC) orbetween day 4 (the final experimental

clay, representing the 3br period before anesthesia and perfusion) and day 1(the firstclay

before experimental mar:Upulation, representing the baselineday or condition), it was

apparent that there were marked and significant changes in the amount oftime spent in

PS (Table 1), as rePQrtecl previously (Maloney et al., 1999). After -53 and SO he of

deprivation, respectively, PS represented ()oAt in the PSD condition and -28% in the PSR

condition, as comparecl with -15% in the PSC condition. There were also changes in the

percentageoftime spent in SWS and tPS in the PSR condition as comparedwith the PSO

and PSC conditions, but they were not significantwhen compared with the respective

baseline condition within each group (day 1). In the PSD condition, there was an increase

in the percentage oftime spent in wake as compared with the PSC and PSR conditions,

which did represent a signifieant increasewhen compared with the respective baseline

condition (day 1). However, PS was the one state that was significantly decreasedin the

deprivation and significantly inereaSed in the recovery condition, as compared with both

control and baseline conditions. The parallel changes in SWS and reciprocal changes in

wake, nonetheless led us ta consider the potential contribution ofSWS or wake in

addition ta PS toward the changes in cell counts across conditionsand thus ta allow their

inclusion in a generallinear model used to examine whether changes in c-Fos-expressing

cells &cross conditionswere caused by changes in PS or other states.

Average EMG aetivity was also round to vary significantly across conditions

(F = 4.271, df= 2, 9, P ~ 0.05), being higher in PSD (3.33 ± 0.96) than in PSC

(1.18 ± O.IS,p ~.030) andPSR (1.26 ± O.32,p ~ 0.035), and not differing between the

lattertwo groups. EMG was also examined independently as potentiallycontributing to

variations in c-Fos-expressing cells across conditions.
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c-Fos expression in the ponto1Jledullary reticulorformation and raphe

e-Fos expression was evident in single-immunostained cells (c-Fos+) in reticular

and raphe nuelei through the pontine and medullary regions ofail animais (Fig. lA).

Dual-immunostained GAD+/e-Fos+ cells were evident in the oral and caudal pontine

reticular nuelei (PnO and PnC), where they were codistributedwith single

immunostained e-Fos+ cells (Fig. lA). These GAD+/c-Fos+cells were relatively small

cells. Similar GAD+/c-Fos+ cells were seen among single-immunostained e-Fos+ cells in

rostral and caudal medullary gigantocellular reticular nuelei (GiR and GiC). GAD+/c

Fos+cells were a1so apparent in the Cl and ventral parts ofthe gigantocellularfield (GiA

and GiV) and in the medially adjacent magnus and pallidus-obscurus raphe nuclei (RM

and RPO). In these regions, they ineluded relatively large cells (Fig. lB) and were

codistributed with large Ser+/c-Fos+cells seen in adjacent sections (trom RPO) (Fig.

IC).

c-Fos expression in the nuclei ofthe pontine reticularformation

The numbers of single-immunostained c-Fos+ cells in the pontine tegmentum

varied significantly as a funetion ofexperimental condition and were significantly greater

in the PSR condition than in the PSD and PSC conditions (Table 2, c-Fos+, Pons,

Average). In the individual nucle~ the number varied signiticantly acrossconditions in

the rostral, PnO, but not in the caudal, Pne, nucleus. Within the PnO, numbers ofc-Fos+

cells were greater in the PSRcondition in comparison to the psn and PSC conditions

(Table 2, Fig. 2) (c-Fos+, Pons, PnO). Across the pontine tegmentum (Average) and in

the PnO, but not in the PnC, PS was round to account significantlyfor a portion ofthe

variance in c-Fos+ cell counts and to covarypositively with the counts in a linear

regression model (Table3). The number ofdual-immunostained GAD+/c-Fos+ cells in

the pontine tegmentum also varied significantly as a function ofexperimental condition

yet differentially according to nucleus, as revealed by a significant interaction of

condition with nucleus (Table 2, GAD+/c-Fos+, Pons, Average). In the PnO, the number

ofGAD+/c-Fos+ cells was lower in the PSR condition in comparison to the psn and PSC
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conditions (Table 2, Fig. 2) (GAD+/c-Fos+, PnO). In thePnC, the number ofGAD+/c

Fos+ cells wu higher in the PSR condition in comparison 10 the PSD condition (Table 2,

Fig. 3). In thePnO, PS alone did not account significantly for variance in GAD+/c-Fos+

œil counts but together with SWS did 50 in a linear regression model in which o/oPS

covaried negativelyand %SWS covaried positivelywith the cell counts (Table 3). In the

PnC, the number ofGAD+/c-Fos+ cells covaried POsitively and significantly with PS

alone (Table 3).

The variation ofcell counts as a funetion ofPS in the PnO was funher

substantiated by simple correlations using total cells counted per nucleus per animal. The

total number ofc-fos+ cells was positively correlated with %PS, whereas the total

number ofGAD+/c-Fos+ cells was reciprocally negatively correlated with%PS after

partialing out the correlation with %SWS (PS[sws]) (Fig. 4).

c-Fos expression in the nuclei ofthe medullary retieu/orformation and raphe

The numbers ofsingle-immunostained c-Fos+ cells in the medullary reticular

formation (GiR, GiAl Gie, and GiV) and raphe (RMand RPO) did not vary significantly

as a function ofexperimental condition (Table 2, c-Fos+, Medulla).

The numbers ofdual...immunostained Ser+/c-Fos+ cells in the medullary reticular and

raphe nuclei did vary significantly as a funetion ofexperimental condition (Table 2,

Ser+/c-Fos+, Medulla, Average). There was a significant increase in the PSD conditionin

comparison to the PSC condition for the region and in the GiAnucleus as revealed by

post hoc tests for the individual nucieL The numbers ofSer+/c-Fos+ cells were also

higher in the PSR condition in comparison to the PSC condition for the region and in the

GiAnucleus and did not ditrer significantly from the PSD condition for the region or in

any nucleus (presented in Table 2; not shownin schematic figures). In an examination of

the relationship betweenthe œil counts and sleep state, it was round that neither forthe

medulla (Average) nor any ofthe individual nuclei did sleep state (pS, PS and SWS, or

SWS) significantly account for any proportion ofthe variance in Ser+/c-Fos+ œil counts.
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However, wake was found ta account for a significant although small proponion ofthe

vuiance for the medulla (Average) and the GiA nucleus and to covary positively therein

with œil counts in a Iinear regression model. EMG was round ta covary positively with

the Bumber ofSer+/c-Fos+cells in theRPO.

The numbers ofdual-immunostained GAD+/c-Fos+ œlls in the medulla varied

significandy as a function ofcondition. The œil counts for the PSR condition were higher

compared with those ofthe PSO and PSC conditions (Table 2, GAD+/c-Fos+, Medulla,

Average). There was also a significant interaction ofcondition with nucleus. Across the

individual nuclei, the numbers varied significantlyas a funetion ofcondition in the

reticular and raphe nuclei ofthe GiR, GiA, GiC, and RM. The variation was evident as

higher numbers ofcells in the PSR condition as compared with the PSD and PSC

conditions within these nuclei (Table 2, Fig. 3). Ina Iinear regression model, PS

significantly aceounted for a proportionofthe variance in GAD+/c-Fos+ œil counts for

the entire medulla(Medulla, Average) and covaried positively with cell counts inthe

model (Table 3). This relationship was also significant innuclei within the GiR, GiA,

GiC, and RM. In the caudal medulla, œil counts did not vary significantly as a funetion

ofPS, PS and SWS or SWS, but did 50 with wake as the independent variable in the RPO.

Across the medulla (Average), in the GiR and Oie reticularnuclei and in the RM and

RPO raphe nuclei, EMG amplitude a1so significantly accounted for a proportion ofthe

variance and covaried negatively with the GAD+/c-Fos+ cell counts in the linear

regression model (Table 3).

In the RPO, where EMG covaried significantly with Ser+/c·Fos+ and GAD+/c

Fos+ cell counts, simple correlations involving the total number ofcells counted per

animal showed a positive correlationofEMGwith Ser+/c-Fos+ œil numbers and a

reciprocal negative correlation with GAD+/c-Fos+ cell numbers, as illustrated in Figure S.
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3.2.5 Discussion

The present results showed that through the pontomedullary retieular formation

and raphe, the one region where c-Fos+ cellswere significantly increased in number in

association with an increase in PS was the PnO. In this same region, GAD+/c-Fos+ cells

were significantly decreased, whereas in other regions including the Pne and medulla,

they were significantly increased in association with PS. Through the medullary reticular

and raphe nuclei, Ser+/c-Fos+cells varied in number, but not as a funetion ofPS, instead

as a funetion ofwake or EMG, significantly increasing in the RPO with increasing muscle

tonus. Reciprocally, GAD+/c-Fos+ cells in the same areas significandy decreased in

number with increasing muscle tonus. These results suggest a differential involvement of

reticular and raphe nuclei according to both region and neurotransmitter in the generation

ofsleep-wake states and associated changes in muscle tonus.

Ta he noted, the present results are interpreted according to the assumption that c

Fos expression reflects increased neuronal discharge, a1though it cao also ref1ect increases

in other calcium-mediated cellular processes (Morgan and Curran, 1986; Dragunow and

Faul~ 1989). Differences in numbers ofc-fos-expressing cells, moreover, were examined

and interpreted as a ronction ofthe modified sleep-wakestates, although they could also

be attributable in part to different levels ofstress (Cullinan et al., 1995), undoubtedly

present, although repol1edly attenuated in such chronic experiments (Mendelson, 1974;

Stamp and Herbert, 1999).

The oralpontine reticularformation and the state ofPS

Since early studies involving lesions ofthe brainstem in the cat, the pontine

reticular formation bas been known ta be critical for the generation ofPS, although

whether the reticularis pontis caudalis or oralis is most important was not resolved (Carli

andZanchetti, 1965; Jouvet, 1965). In the present study in rats, the number ofc-Fos+

cells was significantly increased and most particularly in the PnO in association with PS
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rebound. The PnO is densely i_nnervated by cholinergie tibers originating in the

pontomesencephalie cholinergie neurons (Jones, 1990) that play a critical raie in initiating

PS (Webster and Jones, 1988) and express e-Fos in association with PS rebound

(Maloney et al., 1999). It is within the POO where it wu tint discovered thatthe

cholinergie agonist carbachol could elicit a PS-like state in the cal (George et al., 1964),

and where, a1beit in the dorsal, ventral, medial, or lateral part, it bas since been confirmed

many times ta have the capacity to elicit ail components ofPS in cats and rats, including

cortical activation, hippocampal theta, muscle atonia, and phasie activity (Mider and

Dement, 1974; Katayamaet al., 1984; Gnadt and Pegram, 1986; Morales et al., 1987;

Vanni-Mercieret al., 1989; Elazar and Paz, 1990; Yamamoto et al., 1990; Takakusakiet

al., 1993; Vertes et al., 1993; Bourgin et al., 1995; Garzonet al., 1998; Homer and Kubin,

1999). This region, originally called reticularis pontis oralis in rabbit and man (Meesen

and Olszewski, 1949; Olszewski and Baxter, 1954) and more reœntly paralemniscal

tegmental field in cal (Berman, 1968), would appearto partially overlap with the region

called peri-LC by Sakai (1988) in the cal, where he found carbachol injections ta be most

etTective in eliciting PS (Vanni-Mereier et al., 1989) and wherehe also recorded a large

number of "specifie PS-on" neurons. Within the PnO, neurons give rise to projections

ascending iota the forebrain and others descending into the lower brainstem ancL'or spinal

cord (Jones and Yang, 1985; Jones, 1995), thus being in a positionto modulate both

forebrain and bulbospinal aetivities in response to carbaehol injections and in the natural

generation ofPS. In single-unit recording studies, it bas been found that a major

proportion of neurons in the pontine reticular formation are exeited by earbachol and ACh

(Greene and earpenter, 1985), ineluding those that are nonnally active during PS

(Shiromaa-u and McGinty, 1986). Moreover, in studies with carbaehol-indueed PS,

increases in c-Fos-expressing cells have alsa been reported in the rostral pontine

tegmeotumofcats (Shiromani et al., 1992; Yamuy et al., 1993).

In the PoO and not in the PnC, the numbers ofc-Fos-expressing GABAergie

neurons were actually decreased in association withPS rebound. The GABAergic

neurons in the PnO could correspond to the minor proportion ofpontine neurons that have

been shown to be directIy inhibited by carbachol and ACh (Greene and Carpenter, 1985;

Shiromani and McGinty, 1986; Gerber et al., 1991; Nunezet al., 1997) and become
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inactive during carbachol-ind~ced PS-likephenomena (Nunez et al., 1991). Because in

the POO the numbers ofc-Fos+ cells were reciprocally increased with PS rebound, our

results suggest that reticular DeurOns May be released ftom inhibitionby local

GABAergic neurons during naturally occuning PS. However, although there was a

decrease in GABAergic c-Fos-expressing neurons in animais orthe PSR group, there was

Dot a significant simplecorrelation between GAD+/c-Fos+ cells and the o/oPS. When the

variationattributable ta SWS was taken into account, however, the variation particular to

PS became evident, and the results indieated that GABAergic c-fos-expressing neurons

were negatively correlated with PS. One possible explanation for this finding is that in the

PnO GABAergic neurons may be active during SWS, as "SWS-on,"and become inactive

during PS, as "PS-ofr' cells. Accordingly, local GABAergic neurons could he responsible

for inhibiting PnO "PS--on" neurons during SWS and wake and disinhibiting them with

PS. Indeed, some PS-on neurons in the pontine tegmentum bave been shown ta he excited

by iontophoretic application ofthe GABAA antagonist bicuculline, when applied during

SWS (Sakai and Koyama, 1996). Moreover, it bas recently been reported by Chase and

bis colleagues (Xi et al., 1999) that injections ofbicuculline into the nucleus reticularis

pontis oralis elicit the state ofPS, lending credence ta the present results and also

indicating that GABAergic PnO neurons may play a determining role in PS generation.

The pontomedul/ary reticu/arformation - raphe andmuscle atonia

Within the medullary reticular and raphe nuclei, as in the PnC, there was no

significant variation in numbers ofsingle-immunostained c-Fos+ neurons across

conditions. On the other band, there was a significant increase in dual-immunostained

GAD+/c-Fos+ neurons in association with PS rebound. These results would suggest that

the small, GABAergic neurons within the caudal pontine and medullary reticular and

raphe nuclei may be active during PS and responsible for inhibiting other neurons the

activity ofwhich is not compatible with PS. In many nuclei, GABAergic c-Fos

expressing neurons also covaried negatively with EMG. It is thus likely that small

GABAergiccells with local projections (Jones et al., 1991; Holmes et al., 1994) serve to

inhibit nearby excitatory reticulo-spinal or raphe-spinal projection neurons and thus ta
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eifect a disfacilitation ofmo~rneurons during PS. In the ventral reticular and midline

raphe nuclei, there were al50 reJatively luge GABAergic c-fos-expressing neuroDS.

Similarly large GABAergic neurons have been shown 10 project ta the spinal cord

(lleichling and Basbaum, 1990; Hoistege, 1991; Jones et al., 1991) and postulated ta

provide a direct inhibitory influence in the dorsal and ventral hol'l1Sy respectively, coming

trom the more rostral (RM and GiA) and caudal (&pO and GiV) nuclei and thus,

respectively, influencing sensory and motar aetivity (Basbaum et al., 1978; Skagerberg

and Bjorldund, 1985). Identified medullary reticulo-spinal neurons have been found to

increasetheir discharge rate in association with hyperpolarizing potentials recorded from

spinal motor neurons during carbachol orPS atonia(Kanamori et al., 1980; Takakusaki et

al., 1994). Such reticulo-spinal inhibitory neurons could be GABAergic but could also

weil be glycinergjc(Holstege and Bongers, 1991). There is direct evidence for an

important role ofglycine in the inhibition ofspinal motor neurons during PS atonia

(Chase et al., 1989). Yet there is also evidenceto suggest that GABA release may be

increased in the region ofmotor neurons during motor suppression and accordingly that

GABAin addition to glycine may be involved (Kodama et ai., 2000). It is aise possible as

shown in the spinal cord that neurons may contain and corelease GABA and glycine

(Todd and Sullivan, 1990; Ionas et al., 1998).

Although numbers ofSer+/c-Fos+ neurons in the medullary reticular and raphe

nuclei were altered by PS deprivation, they were not directly correlated with o/aPS, for

similar reasons perhaps to the reported lack ofsignificant variation in c-Fos-expressing

serotonergic neurons reported in association with carbachol-inducedPS (Yamuy et al.,

1995). Across the medulla, serotonergic c.Fos-expressing neurons covaried positively

with wake and moreover in the RPO correlated positively wim EMG, where the

GABAergic c-Fos-expressing neurons were reciprocally negatively correlated with EMG.

These results parailei those reported after neurotoxic lesions ofthe medullary reticular

formation and raphe, after which muscle atoma was disrupted and the degree ofmuscle

tonus during PS was positively correlated with the number ofsurviving serotonergic

neurons and negatively correlated with that ofsurviving GABAergic neurons (Holmes

and Jones, 1994; Holmes et al., 1994). That these relationshipsemerge here with c-fos

expression in the raphe pallidus-obscurus nuclei may refleet the faet that the major
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projections ftom the serotonelJÎc and nonserotonergic neurons ofthese caudal nuclei are

to the ventral horn (Basbaum et al., 1978; Skagerberg andBjorklund, 1985) and that the

serotonergic neurons tberein discharge MOst particularly in association with motor

activities (Jacobs and Fomal, 1991; Veasey et al., 1995). It is al50 known thatserotonin

bas III excitatory action on spinal and bulbar motarneurons (Fung and Bames, 1989;

White and Fung, 1989). As supponed by recent evidence (Kubin et al., 1993; Yamuyet

al., 1999; ICodama et al., 2000), our results would suggest that during PS muscle atoma,

motor neurons may undergo disfacilitation by removal ofa serotonergic influence and

inhibition by imposition ofa GABAergic, in addition to a glycinergic, influence.

In summary, the present results provide suggestive evidenœ for ditTerential and

important roles ofpontomedullary GABAergic œil populations in relation to reticular and

serotonergic neurons in the determination ofthe state ofPS and accompanying muscle

atonia.
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J. J Conclusions

The pontine reticular nucleus, pars oralis (l'nO), demonstrates increased activity

during PS, and this increase is hypothesized to be due, in pan, to disinhibition by local

GABAergic neurons that exhibit a decrease in aetivity during PS. Previously established

as increasing in activation during PS, and known ta provide a cholinergie innervation to

the PnO, the cholinergie neurons orthe pontomesencephalic tegmentum MaY be

responsible for this disinhibition during PS. Activation ofthe cholinoceptive PnO may

initiate the generation ofthe PS characteristic ofmusele atonia by activation ofmedullary

mechanisms hypothesized to he responsible for its generation. Indeed, injections ofthe

cholinergie agonist, carbacho~ into the PnO produces muscle atoDia (George, 1964),

while lesions ofthe descending cholinergie fibers result in a decrease in muscle atonia

(Webster and Jones, 1988). This study further confirms that GABAergic aetivity is

increased in the medullary reticular and raphe nuclei during PS, and in the medial

retiaJ1ar nuelei the number ofactive GABAergic numbers covaries negatively with

EMG. In the raphe pallidus obscurus, where the number ofactive serotonergic neurORS

correlates positively with EMG, the number ofactive GABAergic neurons correlates

negatively with EMG. These results support the notion ofa medullary generation ofthe

PS eharacteristie ofmuscle atonia, which may he initiated by influences ftom the

cholinoceptive PnO region.
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J.S Tables andFigures

Table 1.

Percentage oflime spent in wake, tSWS (transition trom wake into SWS), SWS, tPS

(transition trom SWS to PS), and PS states during the -3 br baseline recording period

(day 1) and during the finai-3 br recording period before they were killed (day 4) for

animais in each condition (mean ± SEM, n =4). Signiticant differences per state between

conditions were tested over the 4 d by repeated-measures ANOVA with one trial factor

(day) and one grouping factor (condition). When there was a significant main etrect for

condition for one ofthe states, post hoc tests were performed per day across conditions

using Fisher's pairwise comparisons. In the cases in which a significant difference

between conditions was round, another post hoc test was perfonned by repeated measures

to determine whether there was a significant difference between day 4 and clay 1within

that group. Significant ditrerences with respect to PSC is indicated by • p ~.OS and with

respect to PSD by p g).OS. Symbols in parentheses indicate a lack ofsigniticant

difference relative to baseline, and those not in parentheses indicate a signiticant

difference relative to baseline in the repeated-measures tests.
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Table 1. The percent of sleep-wake states on day 1 and day 4 for each condition (pSC, PSD and PSR).

CONDmON STATE DAY 1 DAY 4

PSC %Wake 21.82:5.10 21.oo±2.oo

%tSWS 27.34: 1.43 30.00:5.00

%SWS 11.50:3.14 9.00::3.00

%tPS 25.75:4.21 25.00:4.00

%PS 11.61 ± 2.31 14.50:6.50

PSD %Wake 21.65± 3.59 56.32: 3.87 *

%tSWS 36.92::7.02 34.00:4.74• %SWS 8.64: 2.46 3.04: 1.53

%tPS 23.54: 5.01 6.25: 1.03(*)

%PS 12.43: 4.57 0.0:0.0*

PSR %Wake 20.89: 2.88 16.36: 1.28(t)

%tSWS 21.88±3.83 10.75::2.60

%SWS 25.64:1.67 25.51: 1.06'*,t)

%tPS 18.25:: 4.42 19.25:: 1.32 '*,t)

%PS 12.83: 1.23 28.37 ± 1.86 • ,t
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Table 2.

Cell counts were taken trom adjacent series ofsections cut at 2S Jolm and collected al 200

Jlm intervals. A significant main effeet for condition is indicated by .,•• ,••• or (p

g).OS, 0.01, or 0.001) in the column underF, and placed in parentheses when there was a

significant interaction with nucleus for the Average across nuclei. Individual ANOVAs

were also performed for each nucleus with condition as grouping factor and section and

animal as covariates (-,•• ,or ••• , p~.OS, 0.01, or 0.001). With significant main

effects ofcondition, post hoc tests between individual conditions were perfonned using

Fisher's pairwise comparisons. A signiticant differenœ with respect to PSC is indicated

by ., ••, or ••• (p g).OS, 0.01, or 0.001) and with respect to PSD by t, ttor ttt;
(p~.OS, 0.01, or 0.001).

• c-Fos+ œil numbers correspond to the Mean ± SEM ofthe average number ofsingle

immunostained c-Fos+ cells counted unilaterally per section per nucleus in four animais

Per condition. e-Fos+ cells were counted as fol1ows: in two sections at 400 Jolm intervals

for the PnO (at -AO.9 and -AO.S) and Pne (at -AO.l and -PO.3), in three sections at 800

Jlm intervals for the GiR, GiA, and RM (at -Pl. l, -PL9, and -P2.7), and in two sections

al 800 J1m intervals for the Oie, GiV, and RPO (al -P3.S and -P4.3).

b Ser+/c-Fos+ and GAD+/c-Fos+ œil numbers correspond to the mean ± SEM ofthe

average number ofdual-immunostained cells counted bilaterally per side per section per

nucleus in three animais per condition. Ser+/c-Fos+ eells were counted as follows: in six

sections at 400 Jlm intervals for the GiA and RM (between -PO.7 and -P2.7) and in four

sections for the RPO (between -P3.1 and P4.3). GAD+/e-Fos+ cells were counted as

follows: in two sections al 400 Jlm intervals for the PnO (al -AO.9 and -AO.S) and Pne

(at -AO.1 and -PO.3), in three sections at 800 Jlm intervals for the GiR, GiA, and RM (at

-P1.I, -P1.9, and -P2.7), and in two sections at 800 Jlm intervals for the GiC and GiV

(at -P3.S and -P4.3).
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c: Statistical tests ofthe variation in the average œil numbers across condition were

performed using a one-way ANOVA with condition and nucleus as grouping filctors, and

section and animal as covariates.
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Table 2. Number ofc-Fos+, GAD+/c-Fos+ or Ser+/c-Fos+ cells counted per section in nuclei of the pontomedullary reticular formation
or raphe across PSC, PSD and PSR groups.

c...Fos+8 Ser+/c-Fos+b GAD+/c-Fos+b

PSC PSD PSR F PSC PSD PSR F PSC PSD PSR F

PONS ··.t • ···.tPnO 305.63 +44.71 382.18+30.12 482.88+ 17.63 •• 26.00+ 2.00 19.08 + 1.40 15.42 +2.01 ...
PnC

tt
22600 +21.84 222.13 +21.31 269.63+ 30.91 16.50" 2.46 Il.33+ 2.09 20.83+ 3.65 •

Average C
···,t •265. HI +26.14 J02, 1J+}UR 376.15 +31.46 ... lUSt I.R4 15.21+ 1,)7 IH./J+}.I} (e)

MEDULLA
GiR 147.83 +11.97 178.67 +14.32 5.50+ 1.06

....tt
1.53.25+ 16.31 11.33+ 2.09 40.67 +10.40 ...

GiA ••• ••• ",tt
66.07+ 8.73 64.2.5+ 9.61 85.17+12.28 2.90+ 0.29 05.43+ 0..5.5 .5.30 +0.80 ... 8705+ 1.38 7.050+ 2.31 2542 .. 7.0.5 ••

RM ....tt
27.83+ 2.66 30.00+ 3.10 26.67+ 32.5 2.31+ 0.23 2.67·0.31 246+ 0.38 3.22 + 0.48 3.44+ 0.83 6.61" 0.73 ...

Oie
·.tt

130..57+ 16..50 I3BO tll.06 124.86t 9.89 10.20+ 1.81 7..58 t 12.5 19.00+ 4. Il •

GiV 46.14 t10.32 50.86+ 5.07 55.13 + 6.65 4.30 + 1.01 5.17+ 1.52 4.00 + 0.82

RPO 14.29+ 2,85 18.25 +2.13 18.50+ 2.75 357+ 0.42 4.21 + 0.51 2.88+ 0,43 3.30 +0.68 1,83 +0.39 32S +0.80

••• • ···.ttt
A\Ierage C 75,fJ/ + N.201 75.oIJ + 7.21) H./.57+ N.54 2.H) + fUN 4.00+ n.21) 152+ fJ.)~ ... ~.6J+ fJ.65 5.04+ 0.57 /5.7)+ 2.49 (...)

• • •
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Table 3.

A generallinear model was used to test whether œil counts varied significantly as a

funetion ofstate and/or EMG. Using multiple linear regression with an interactive

stepwise procedure for adding or removing variables, a model was examined in ail

regions in which a significant main effect ofcondition was found (see Table 2). To test

the principal hypothesis that œil counts varied as a funetion ofPS, %PS alone was

evaluated first. Ifnot significant, %SWS was stepped in, and the regression for %PS and

%SWS was evaluated in the model. Ifnot significant, %SWS alone was evaluated. When

none orthe sleep states (pS, PS and SWS or SWS alone) were significant, %wake alone

was tested in the model. YoEMG was also evaluated independently. Significant models

are indicated with the state(s) showing the sign (+ or ) ofthe covariation, the squared

regression coefficient (variance), and the F value ofthe Madel. Dashes indicate a lack of

significance for any ofthe states and EMG tested. Probabilities are indicated as ., ••, or

•••, (p ~.OS, 0.01, or 0.001).
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Table 3. Relationship between the number of c-Fos+, GAD+/c-Fos+ or Ser+/c-Fos+ cell counts and states (or EMG) as assessed by a
linear regression model (testing for %PS, %PS and %SWS. %SWS or %Wake, or for EMG).

c-Fos+ Ser+/c-Fos+ GAD+/c-Fos+

State ( F State ( F State ( F

PONS

PnO ~PS 0.25 7.03 • •••ors + sws 0.41 Il.64

PnC +PS O. tJ 528 •

Average '1»,1.,' 0./1 J.tH' •

MEDULLA

GiR l-PS 0.25 11.14 ••
(·EMO 025 Il.14 .. )

GiA ~W8b 0.04 • +PS 0.17 6.81 •4.05

RM +PS 0.13 7.91 ..
(-EMO 010 no •• )

Oie +PS 0.16 6.24 •
(.EMO 011 409 • )

GiV

-Wake 0.12 4.43 •RPO
(+EMO 007 486 • ) (-EMO 01.1 457· )

Average -llak... 002 5.43 • , /'S (J.os IS.39 •••
(-HAlO tU] J/.J9 •••)

• • •
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Figure 1. Photomicrographs ofsections through the pontomedullary reticular formation,

dual-immunostained for e--Fos (bluc granular chromogen, BDHC) and either GAD (A, B)

or serotonin (C) (brown chromogen, DAB). In the PnO (A), single c-Fos+ cells are

distributed among dual-immunostained GAD+/e--Fos+ œlls, as weil as single GAD+

œlls. In the RPO (8, Cl, single c-Fos+ cells are distributed among dual·immunostained

GAD+/c-Fos+ (D) and Ser+/c-Fos+ (C) cells. White arrowheads indicate examptes of

single-immunostained c-Fos+ œlls, and black arrowheads indicate dual·immunostained

cells. Sca1e bar, 2S f.lm.
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Figure 2. Computerized atlas figure through the oral pons (-A 0.5) showing the PnO,

where e-Fos+ cells (indieated by x) and GAD+/c-Fos+ cells (triangles) were mapped in

representative animais from PSD (left) and PSR (right) groups. Note apparent greater

number ofc-Fos+ cells and lesser number ofGAD+/c-Fos+ cells in the PSR condition

compared with the PSD condition. PnO, Pontine reticular nucleus, pars oralis.
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Figure 3. Computerized atlas figure through the caudal pons and medulla al -P 0.3 (top)

showing the PnC nucleus, at -P 1.9 (middle) showing the GiR, GiA, and RM nuclei, and

al -p 3.S (bottom) showing the GiC, GiV, and RPO nuclei. GAD+/c·Fos+ cells

(triangles) were mapped in a representative animal from psn (left) and PSR (right)

groups. Note the apparent greater number ofGAD+/c·Fos+ cells in the PSR condition

compared with the PSO condition in MOst nuclei. PnC, Pontine reticular nucleus, pars

caudalis; GiR, gigantocellular reticular nucleus, pars rostralis; GiA, gigantocellular

reticular nucleus, pars; RM, raphe magnus nucleus; Gie, gigantocellular reticular

nucleus, pars caudalis; GiV, gigantocellular reticular nucleus, pars ventralis; RPO, raphe

pallidus-obscurus nucleus.
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Figure 4. Linear regression ~Iots and coefficients (with significance indicated by .p

O.OS) for the PnO of the total number ofsingle-immunostained c-Fos+ cells (Ieft) as a

funetion ofthe percentage oftime spent in PS (df= Il) and the total number ofdual

immunostained GAD+/c-Fos+ cells (right) as a funetion orthe standardized residuals of

PS after partialing out the regression with SWS (PS(SWS), df= 9]. The bar charts in the

middle show the average total number ofc-Fos+ œlls (top left) and GAD+/c-Fos+ cells

(top right) and the percentage ortime spent in PS (bottom) for the three different

conditions PSC, PSO, and PSR. According to the statistics detailed in Table 2, there was

a signiticant main effeet ofcondition for the number ofc..Fos+ cells and GAD+/c-Fos+

cells, and as detailed in Table 1, for the O/OPS.
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Figure S. Linear regression plots and coefficients (with significance indicated by·, ••,

••• (p g).OS, 0.01, or 0.001) Cor the RPO ofthe total number ofdual-immunostained

Ser+/c-Fos+ cells (Ieft) and GAD+/c-Fos+ cells (right) with EMG activity (df= 9). The

bar charts in the middle show the number ofSer+/c-Fos+ cells (top left) and GAD+/c

Fos+ cells (top right) and EMG aetivity (bottom) for the three ditTerent conditionsPSC,

PSD, and PSR. As detailed in Table 2, neither the Ser+/c-Fos+ cell caunts nor GAD+/c

Fos+ counts differed significantly across conditions, yet they varied significantly as a

fonction ofEMG. As presented in the text, EMG values (normalized as a ratio of

baseline) differed significantly across conditions and between groups.
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Cbapter Four

Ventral Mesencephalic Tegmentum

A portion ofthis chapter was submitted ta European Journal afNeurascience
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4.1 Introduction

Ofthe many physiological manifestations ofthe PS state, such as rapid eye

movement and muscle Itonia, its cognitive correlate, dreaming, is probably the MOst

widely known. The cholinergie neurons ofthe pontomesencephalic, known to he

important in PS generation and shown earlier to be active during PS, may initiate the PS

characteristic ofmuscle atoma through descending influences, but may also through

rostral coMections initiate other PS characteristics, such as dreaming. One terminal

location ofthese important cholinergie PS-on neurons is the ventral mesencephalie

tegmentum (VMT), where dopaminergie neurons ofthe ventral tegmental area (VTA)

and substantia nigra (SN) reside. Previous researeh had not fully elucidated the role that

dopaminergic neurons play in the sleep-wake states, and in the tradition ofutilizing c-fos

expression as a means of immunostaining chemically identified neurons for activation,

the following study evaluates dopaminergic and GABAergic neurons located in the VMT

for activation during PS. The study supports the notion that activity during PS is

different in the two functionally distinct nuclei of the VMT; in the SN there is an increase

in GABAergic aetivity, while in the VTA both dopaminergic and GABAergic neurons

increase activity in association with PS. The neurons within these dopaminergic regions,

in tum, project to striatal structures, in the case ofthe SN, and to limbic and cortical

structures, in the case ofthe VTA Hence, the SN would be in a position to modulate

higher order motor occurrences during PS, while the VTA would be in 1 position to

modulate the affective and cognitive aspects associated with the PS characteristic of

dreaming.
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4.2 c-Fos expression in the substontia nigra and ventral tegmental area after

part:Jdoxiœl sleep deprivation andrecovery

4.2.1 Abstract

Lesion and phannacological studies have indieated that dopaminergic neurons

may regulate behavioral arousal and sleep-wake states, yet recording studies have not

reponed changes in average discharge rate for presumed dopaminergic neurons, although

they have for non-dopaminergic neurons of the ventral mesencephalic tegmentum (VMT)

across waking, slow wave sleep (SWS) and paradoxical sleep (PS). In the present study

in rats, we examined by using c-fos expression, as a reflection ofneural activity,

combined with dual-immunostaining for tyrosine-hydroxylase (TIl) or glutamic acid

decarboxylase (GAD), whether dopamine (DA) and adjacent GABA -sYQthesizing

neurons in the substantia nigra (SN) and ventral tegmental area (VTA) are ditTerentially

active in association with PS deprivation and recovery. The number ofGAD+/c-Fos+

neurons was higher with PS recovery than PS deprivation and control conditions. In

contrast, the number ofTH+/c-Fos+ neurons did not change in the SN, however in the

VTA, their number was higher with PS recovery than PS deprivation and control. The

results suggest that the DA VTA neurons were more active during waking and PS than

SWS and most active during PS. Together with evidence trom recording studies, it

would appear that neither SN nor VIA DA neurons are tonically inhibited by local

GABAergic neurons during PS, but they may be submitted to differential inhibitory and

excitatory influences such that VTA mesolimbocortical, and not SN nigrostriatal, DA

neurons May change their pattern ofdischarge to be most active in association with PS

and therein contribute to the unique physiological and cognitive aspects ofthat state.
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4.2.2 Introduction

Early lesion and phannacological studies indieated that dopaminergic neurons of

the VMT play a role in the regutation ofsleep-wake states. Eledrolytic and 6

hydroxydopamine (6-0HDA) lesions ofthe VMT decreased arousal (Ungerstedt, 1971;

Jones et al., 1973), and inhibition ofcatecholamine (CA) synthesis increased SWS and

PS (or rapid eye movement sleep, REM) (King and Jewett, 1971). Pharmacological

enhancement ofextraeellular DA conversely increased waking while decreasing sleep

(Jones et al., 1977) and proved ta he instnunental in maintaining waking for treating

narcolepsy (Nishino and Mignot, 1997). Yet, a decrease in PS was recently found

following neurotoxic lesions ofthe VMT (Lai et al., 1999). Such different effects could

he due in part 10 ditTerent raies played by SN versus VTA DA neuroDS. Indeed, in

contrast 10 the hypoaetivity produced by 6-0HDA lesions of the SN, hyperactivity was

reported ta follow lesions ofthe VTA and was characterized by a loss ofattentive and

motivational arousal (Galey et al., 1977; Montaron et al., 1982). Accordingly, the SN

DA neuroDS, whicb give rise ta the nigrostriatal projection, are considered ta he important

in the initiation ofmotor activity that is impaired in Parkinson's disease, and the VTA

DA neurons, whicb give rise ta the mesolimbocortical projection, 10 be important in the

promotion ofselective and rewarding acousal that is impaired in attention deticit

disorders and involved in schizophrenia (Bunney et al., 1991). It would alsa appear

likely that these DA cell groups would be differentially involved in different sleep...wake

states and PS, when muscle atoma occurs together with dreaming, often Iikened to

hallucinations (Yeomans, 1995).

In electrophysiological studies, it was surprisingly found that in contrast ta

noradrenergic neurons (Hobson et al., 1975), presumed dopaminergic neurons did not

change their average discharge rate across sleep-waking states (Miller et al., 1983;

Steinfels et al., 1983; Trulson and Preussler, 1984). However, presumed noo

dopaminergic neurons discharged at higher rates during active waking and PS than during

SWS. Since Many ofthese neurons would be GABAergic and assumed to exert an
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inhibitory influence on adjacent dopaminergic neurons (TepPer et al., 1995), the Iack of

vuiation in the DA unit discbarge wu even more surprising.

The VMT DA neurons reœive an excitatory input ftom the cholinergie neurons ofthe

pontomesencephalie tegmentum (PMT) that is thought ta be integral to reward circuits

and processes (Clarke and Pert, 1985; Beninato and Spencer, 1987; Lacey et al., 1990;

Bolam et al., 1991; Corripll et al., 1994; Yeomans, 1995). The cholinergie neurons are

also critical for generating P5 (Webster and Jones, 1988; Jones, 1991). In recent studies

employing c-Fos immunostaining as a retlection ofneural aetivity combined with

choline-acetyltransferase (ChAT)-immunostaining (MaIoney et al., 1999), we round that

cholinergie PMT neurons were MOst active in association with P5. Acœrdingly, they

would be expected to aetivate dopaminergie neurons in tum during this state. In an

attempt to resolve whether identified DA and GABAergic SN and/or VTA neurons are

active in PS, we thus employed the same PS deprivation and recovery paradigm as for the

cholinergie PMT neurons in the VMT and applied dual immunostaining for c-Fos and TH

or c-Fos and GAD.
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4.2.3 Methods andMateriaIs

AnimaIs andsurgery. Twelve male Wistar rats (Charles River Canada, St Constant,

Quebec), weighing approximately 225 grams were employed. Ali procedures were

approved by the McGill University Animal Care Committee and the Canadian Council on

Animal Care. Rats were operated under barbiturate anesthesia (Somnoto~ 67 mglkg, i.p.)

for the implantation ofchronically indwelling electrodes. For the electroencephalogram

(EEG), stainless steel screws were threaded ioto holes drilled in the skull 50 that the

screws were in contact with the dura. They were placecl aver the left and right

retrosplenial, anterior frontal, parietal and occipital cortices, as described previously

(MaIoney et al., 1997; Maloney et al., 1999). One electrode was placed in the frontal

bone rostral to the frontal lobes ta be used as a reference. For the electromyogram

(EMG), two stainless steelloops were inserted into the muscles ofthe neck. Alileads

were connected to a miniature (121ead) plug, which was cemented ta the skull. Animais

were allowed two or three days recovery fram surgery in the animal room before being

placed in recording chambers for the duration of the experiment.

Recording andexperimenta/procedures. For recording and experimentation, each rat

was placed in a Plexiglas box that was contained within a larger eleetrically shielded

recording chamber. The rat was conneeted to a cable that was attaehed 10 a commutator

and suspended with a balanced boom to allow free movement ofthe animal within the

box. During the baseline day and in the control condition, the floor ofthe box was

covered with woodchips. The animal had free aceess to food and water in containers,

which hung within easy reach on the sides ofthe box. As wu the case in the animal

room, a 12-h light/dark cycle was maintained in the recording room (with lights on from

7:00 a.m. 10 7:00 p.m.). The rat was placed in the recording box and connected to the

cable three days prior to baseline recording to allow for habituation to the recording

environment.
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The EEG and EMG signais were amplified using a Grass Model 780 Polygraph

and subsequently sent ta a computer (AIA 386SX) for analog-to-digital conversion,

filtering and starage on bard disk with the aid ofStellate Systems (Montreal, Quebec)

computer software, as described previously (Maloney et al., 1997).

PS deprivation was performed using the flowerpot technique that bas previously

been shown in rats to cause a fairly selective deprivation ofPS without increases in

adrenal weights and thus signs ofstress (Mendelson et al., 1974). Bach rat wu placed on

an inverted flowerpot that wu just large enough (-6.5 cm in diameter) ta hold the animal.

The tlowerpot wu surrounded by water that filled the Plexiglas box to within 1 cm ofthe

inverted pot's surface. In this situation, the animal could engage in SWS but not PS,

since the loss ofmuscle tonus that occurs with PS onset causes the animal ta fall into the

water and awaleen. Food and water containers were positioned to be easily accessible to

the animal on the flowerpot.

As previously described in greater detail (Maloney et al., 1999), the experimental

protoeol was canied out over a four-day period. Recordings were perfonned in the

aftemoon (-12:00 - 3:00 p.m.) during the natural sleep period ofthe rat, for the four

consecutive days. On day 1 (the first day prior to experimental manipulation), a baseline

recording was performed on all animais. On the remaining three days ofthe experiment,

the 'condition' was varied forthree different groups (with 4 animais per group): PS

Control (PSC), PS Deprivation (PSD), and PS Recovery (PSR). 1) For the control

condition, the PSC animais remained on a bed ofwoodchips in their recording boxes for

the four days. At the termination orthe experiment on day 4, the PSC animais were

anesthetized for perfusion (at -3:00 or 3:30 p.m.) following the aftemoon recording

period. 2) For the deprivation condition, the PSD animais were placed on tlowerpots for

the second, third and fourth days ofthe experiment. On day 4 following the recording

period, the PSD animais were anesthetized for perfusion <at -3:30 p.m.), having been in

the deprivation condition for -53 hours. 3) For the recovery condition, the PSR animais

were also placed on flo""erpots for the second, third and fourth days like the PSD

animais. However, on day 4 following -50 hours ofPS deprivation, the animais were
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retumed to a dry bed ofwoodchips in their recording boxes to allow for recovery ofPS.

Following the recording period, the animais were anesthetized for perfusion (at -3:00

p.m.), baving been in the PS recovery condition for -3 houn ailer PS deprivation of-SO

hours. The experiments were conducted using two recording chambers and thus on two

animais at one time, running pairs ofPSD and PSR or PSC and PSC animals.

Perfusion andfixation. The animais were killed under barbiturate anesthesia (SomnotoL

-100 mglkg) by intra-aortic perfusion ofa fixative solution. The time between the

barbiturate injection and initiation ofthe perfusion was -10 minutes. One liter of3%

paraformaldehyde and 0.2% pâcric acid in 0.1 M phosphate buffer was perfused for

fixation and followed by 250 ml of 1()OAt sucrose in buffer. The brains were immersed in

3001'0 sucrase overnight to complete cryoprotection. The brains were frozen at -SOGC and

stored al -sooe.

Immunohistochemistry. Coronal sections were cut at 25 J.1IIl thickness on a freezing

microtome. Up to six series ofadjacent sections were collected every 200 lJ.IIl for

immunohistochemical processing. Ali immunohistochemistry was Performed using the

peroxidase-antiperoxidase (PAP) technique, according to previously published

procedures (Maloney et al., 1999). For the immunostaining ofc-Fos protein, an anti-c

Fos antiserum from sheep (Cambridge Research Biochemicals, Cheshire, U.K.) was

employed at a dilution of 1:3000. For enzyme immunostaining, the following antibodies

were used: rabbit anti-tyrosine hydroxylase (TH) antiserum (1:15,000, Eugene Tech

Internationa~ Allendale, NJ) and rabbit anti-glutamic ICid decarboxylase (GAD)

antiserum (1 :3000, Chemicon International). Incubations with primary antibodies were

canied out at room temperature overnight using a Tris saline solution (O. lM) containing

1% nonnal donkey serum (NOS) and following incubation with Tris saline containing

6% NOS for blocking. Appropriate secondary antisera and PAP antibodies (Jackson

ImmunoResearch Laboratories, West Grove, PA) were employed after the respective

primary antisera. In ail brains, one series ofsections was immunostained for c-Fos alone

using the brown, floccular reaetion product, 3,3 1 diaminohenzidine (DAB) as chromogen.

In other adjacent series, c-Fos was immunostained in combination with the
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neurotransmitter or enzyme using a sequential procedure 5taÏniog c-Fos in either the first

(for 4 animais) or second (for 8 animais) position. When in the first position, c-fos wu

revealed with DAB (or DAB-Ni++ in one set of3 brains), and the neurotransmitter or

enzyme was revealed with the blue gnnular reaction produa, benzidine dihydrochloride

(BDHC, or DAB in the DAB-Ni++stained brains respectively). However, as revealed by

these and other pilot studies {see (MaIoney et al., 1999), for greater details) GAD

immunostaining in the second position was difficult ta clearly discem and for the major

experimental series, the enzyme was immunostained and revealed in the tirst position

with DAB, and c-fos was immunostained and revea1ed in the second position with

BDRC. Controls in the absence ofprimary antibodies and in the presence ofnormal sera

were routinely run with every single and dual immunostaining procedure to ensure the

absence ofnon-specifie single or dual immunostaining. Brains from sets ofPSD-PSR,

which were run together experimentally, were processed in the same manner for

immunohistochemistry together with an accompanying PSC brain.

Analysis ofsleep-wake state data. The EEG was examined by off-line analysis on

computer screen and scored for sleep-wake state by visual assessment ofEEG and EMG

activity in 20-second epochs using Eelipse software (Stellate Systems) for each 3-hour

recording session (-540 epochs). Fast Fourier Transform (FFT) was performed using

Rhythm software (Stellate Systems) 10 determine amplitude in EEG ftequency bands for

the 20 sec state-scored epoch data, as described previously (MaIoney et al., 1997). EMG

amplitude wu computed for the total spedrUm up te 58.0 Hz. As evaluated by EEG and

EMG amplitudes, epochs were scored as one ofthe three major states (Wake, SWS or

PS) or transitional (t) stages between states: 1) wake marked by the presence oflow

voltage fast aetivity associated with EMG tonus, 2) transition from wake into slow wave

sleep (tSWS) charaeterized by moderate amplitude slow or mixed slow, spindle and fast

activity, 3) slow wave sleep (SWS) marked by continuous high amplitude slowaetivity,

4) transition ftom slow wave sleep into PS (tPS) marked by a decrease in high amplitude

slow aetivity and the appearance ofspindles and theta waves or 5) PS characterized by a

prominence oftheta waves, in addition to low voltage fast activity, with low EMG

aetivity.
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Analysis ofimmunohistochemical data. Sections were viewed with a Leitz

Orthoplan microscope equipped with an x/y movement-sensitive stage and CCD camera

attaehed to a computer. Single- and dual-immunostained cells were mapped using a

computer-based image analysis system (Biocom, Paris). Dual-immunostained TH+/c

Fos+ ceUs and GAD+/c-Fos+ cells were counted and mapped bilaterally every 400 J1ID at

representative stereotaxie levels corresponding approximately ta A 2.9, A 2.5 and A 2.1

(paxinos and Watson, 1986; Jones, 1995). Single c-Fos immunostained cells were

subsequently counted on adjacent sections and mapped unilaterally in regions delineated

by the presence ofpreviously counted m+/c-Fos+ cells as the VTA and the SN on the

stereotaxie level corresponding to A2.9. Cell couots were tabulated at each level and for

each area, and then counts across levels were added ta provide total cells counts per area.

Whether the number ofcells counted over multiple levels (sections) per animal

varied as a function of'condition' was examined for the entice VMT and then separately

for the SN and the VTA. Analysis ofvariance tests (ANOVA's) were used with

'condition' as the grouping factor (and in the case ofthe VMT, with 'area' as a second

grouping factor), and 'level' and 'animal' as covariates. In the case ofa significant main

efFect, ditrerenœs in œil counts between individual conditions were analyzed by post hoc

tests using Fishers pair wise comparisons.- When differences in œil counts were

significant across conditions in the SN or the VTA, a generallinear model was employed

ta determine if the œil counts varied as a fonction of(%) PS orother sleep-wake states.

A stepwise interactive method was applied examining tirst whether PS signiticantly

accounted for a proportion ofthe variance in œil counts across conditions. In the

absence ora significant relationship oreell counts with PS, Wake was stepped iota the

model, and PS together with Wake was evaluated. When the model was significant,

simple correlations were perfonned between total cell counts per area and PS or PS after

partialing out Wake (pS[WAIŒ]). For the correlation ofcell counts with PS[WAKE],

the standard partial regression coefficient for PS and Wake was calculated and the

residuals plotted in the Iinear regression. Generallinear models were also employed to

test whether EMG covaried with œil counts. Ali statistics were performed using Systat
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(version 9) for Windows (Evanston, Dlinois). Figures were prepared for publication

using CorelDraw (Ottawa, Ontario).
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4.2.4 Results

Sleep-wake slate changes

In comparing sleep-wake states between groups submitted ta PS deprivation

(PSD), recovery (PSR) or control (PSC) conditions or within groups on the lut,

experimental day and the first, baseline clay ofrecording, it was apparent that there were

marked and significant changes in the amount oftilDe spent in PS as a funetion ofthe

experimental condition (Table 1, as previously reported (MaIoney et al., 1999». After

-53 and -50 br ofdeprivation, respectively, PS represented (ofthe 3 hourrecording

period prior to PeIfusion) OOA. in the deprivation condition and .....28% in the recovery

condition, as compared to .....15% in the control condition. PS was the one state that was

significantly decreased in the deprived (PSO) and significantly increased in the recovery

(PSR) groups, as compared between groups to control (PSC) and within groups to

baseline conditions. Wake was significantly increased in the deprived (PSD) group, but

did not change significantly in the recovery (PSR) group, as compared to control and

baseline. Average EMG amplitude also varied significantly across groups heing

significantly higher in PSD than in PSR and PSC and not ditTering between PSR and PSC

(as previously reported, (MaJoneyet al., 2000».

In the assessment ofthe variation in c-Fos expressing neurons as a funetion of

experimental condition, their numbers were examined between the three experimental

groups (below). In addition, given the variation in PS, and also in Wake and EMG

amplitude, the ceU numbers were examined as a funetion ofthese variables &cross

individual animals in a linear regression model and ifsignificant, by simple correlations.
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c-Fos expression in the ventral mesencepha/ic tegmentum

Tbrough the VMT, in both the SN and VT~ c-Fos expression was evident within

neuroDS in sections single-immunostained for c-Fos and in adjacent sections dual

immunostained for c-Fos and TH or for c-Fos and GAD (Fig. 1). In the SN, TH+/c-Fos+

cells were apparent particularly within the pars compaeta (SNC), where TII+ ceUs are

most densely distributed. GAD+/c-Fos+ cells were apparent particularly within the pars

reticulata (SNR), where GAD+ cells are most numerous. Because the two ceU groups do

nonetheless overlap and extend across the SNC, SNR and SNL, they were plotted and

tabulated across the entire SN considered as one area (Fig. 2). TH+/c-Fos+ and GAD+/c

Fos+ cells were present and distributed relatively evenly across the VTA (Fig. 2).

Across the VMT, it was not possible ta ascertain by visual examination in single

immunostained sections whether the number ofc-Fos+ œlls was different in the PS

recovery (PSR) as compared to the deprived (PSD) and control (PSC) groups. In dual

immunostained sections, it did appear upon visual examination that TH+/c-Fos+ cells and

GAD+/c-Fos+ cells were more numerous in brains ftom the PS recovery (PSR) group

than in those ftom the deprived (PSD) group (Figure 2) and a1so the control (PSC) group

(not shown). According ta œil COUDts in the SN and VTA, the numbers ofsingle

immunostained c-Fos+ cells did not difTer significantly &Cross groups (F=3.11; df=2,

d~=17; p=O.07). However, numbers ofTH+/c-Fos+ cells (F=4.24; df=2, d~ =124;

p=O.016) and GAD+/c-Fos+ (F=6.81; df=2, d~=88; p=O.OO2) did ditTer significantly

according to ANOVA with group and area as dependent variables (and rat and level as

covariates). For both cells types, the largest numbers ofc-Fos expressing cells occurred

in the PS recovery group. There also appeared to he an interaction ofgroup and area and

an indication that the changes in c·Fos e.xpressing cells were not the same in the SN and

VTA Further anaIysis was performed separately for each area.
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c-Fos expression in the substantia nigra

Counted in single-immunostained sections, c.Fos+ cells varied significandy in the

SN across groups, being more numerous in the PSR than in the psn group (Table 2). On

the other band, as counted in the dual-immunostained series, TH+/c-Fos+ cells did not

vary significantly across groups and thus conditions. GAD+/c-Fos+ cells did vary

significantly, being more numerous in the PSR than in the PSD group (Table 2). In a

linear regression mode~ the numbers ofGAD+/c.Fos+ cells covaried positively with the

% PS across animais ofthe ditTerent groups (Table 3). They atso covaried negatively

with EMG amplitude, however not significantly so (r' = 0.065; F=3.17; df=l,d~=46;

p=O.082).

The variation ofGAD+/c-Fos+ œil counts as a funetion ofPS was further

examined by simple correlations using total cell counts in the SN per animal. In this

case, the number ofGAD+/c-Fos+ cells was not significantly correlated with %PS

(r=O.46, 0=8; p=O.251; or EMG: r=..41; 0=8; p=O.31).

c-Fos expression in the ventral tegmenta/ area

Although, the number ofsingle-immunostained c-Fos+ cells in the VTA did not

vary significantly as a funetion ofeXPerimental condition (Table 2), the number ofdual

immunostained TH+/c-Fos+ ceUs and GAD+/c-Fos+ cells did (Table 2). TH+/c.Fos+

cells were more numerous in the PSR group than in both the psn and PSC groups. They

were also more numerous in the PSD than in the PSC group, though not significantly 50

(p=O.12). In a linear regression mode~ the Bumbers ofTH+/e-Fos+ cells did not covary

significantly with %PS alone. However, when %Wake was included in the mode~ the

numbees ofTH+/c-Fos+ cells covaried positively with %PS together with %Wake (Table

3). GAD+/c-Fos+ cells were also more numerous in the PSR group than in the PSD and

PSC groups and also more numerous in the PSD group than in the PSC group (fable 2).

As with the TH+/c-Fos+ cells, the numbers ofGAD+/c-Fos+ cells did not covary
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significantly with O/OPS aJone. However, when the %Wake in addition to o/oPS was

considered in the linear regression mode~ the numbees ofGAD+/c-Fos+ cells were found

to covary positively with %PS and %Wake (Table 3). Neither the TH+/c-Fos+ nor

GAD+/c-Fos+ cells covaried with EMG amplitude.

The variation ofœil counts as a funetion ofPS was further substantiated by

simple correlations using the total number ofcells counted in the VTA per animal. The

total number ofTH+/c-Fos+ cells and the total number ofGAD+/c-Fos+ cells were

significantly positively correlated with %PS afterthe variation due to %Wake was

partialed out ofthe regression function (Fig. 3).
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4.2.5 Discussion

The present results show significant variations in e-Fos expression in

dopaminergie and GABAergie neurons ofthe VMT in association with PS deprivation

and recovery. Across the VMT, the number ofe-Fos expressing dopaminergic and

GABAergie neurons was greatest in the PS recovery group, suggesting increased aetivity

ofthese cell groups in PS. Yet, the changes were not parallel in the SN and VTA œil

groups, suggesting their differential involvement in sleep-wake states and PS.

As noted in our previous studies, we have employed c-Fos expression as a reflection of

increased neural aetivity, a1though it an a1so reflect increases in other cellular processes

that commonly involve calcium influx into neurons (Morgan and Curran, 1986;

Dragunow and Faul~ 1989). It should a1so he mentioned that although c-Fos expression

has been found ta be increased in locus coelUleus neurons with chronie stress, which

might be evoked in our deprivation paradigm, it bas not been reported ta be increased in

VMT neurons under 5uch conditions (Cullinan et al., 1995).

Substantia Nigra

As similarly reported in a recent pharmacological study (Sastre et al., 2000),

enhanced PS, here with PS recovery, was round te be associated with an increase in the

number ofe-Fos expressing cells in the SN. However, here, the increase was round ta be

within GABAergic neurons and not dopaminergic neurons. These results corroborate

electrophysiological data showing an increase in average discharge rate by non

dopaminergic neurons, and not by dopaminergic neurons, during PS as compared ta SWS

and waking (Miller et al., 1983; Steinfels et al., 1983). Being concentrated in the SNR

and projecting ta the thalamus or tegmentum, GABAergie SN neurons couId contribute to

the phasic aetivity ofPS through phasic discharge (Datta et al., 1991).

154



•

•

•

c-Fos expressing GABAergic neurons have been shown ta increase in other

brainstem areu with PS and hypothesized to play a role in inhibiting local

DIOnoaminergic neurons during PS (MaIoney et al., 1999). Since in the present anaIysis,

there wu no decrease in c-Fos expressing DA neurons with PS rebound, it would not

appear here, or in single unit recording studies (Miller et al., 1983), that GABAergic SN

neurons provide a tonie inhibitory influence ta DA SN neurons during PS. However, the

inhibition could be reflected in the lack ofincrease in c-Fos expressing DA neurons, or

unit discharge, despite potential excitatory input ta them during PS. It is alsa known that

DA SN neurons are under negative feedback control by D2 autareceptors, which could be

a factor in PS and narcolepsy (Nishino et al., 1991; Honda et al., 1999). These reœptors

could be aetivated such as to maintain a relatively low constant discharge rate by these

neurons during sleep. How such a mechanism could be selectively active in the SN could

he explained by tindings that D2 reœptors are most concentrated (Hurd et al., 1994) and

exert greatest control on DA release from the SN DA neurons (Cragg and Greenfield,

1997).

Ventral tegmental area

In the VTA, PS recovery resulted in an increase in the number ofdopaminergic

and GABAergic cells expressing c-Fos. Their numbers were higher in the recovery than

in the deprivation condition and also somewhat higher in the deprivation than in the

control condition. Since the recovery was associated with an increase in PS, whereas the

deprivation was associated with an increase in waking, these results suggest their

increased aetÎvity during each ofthese states. Indeed, using linear regression models, the

aetivity ofdopaminergic and GABAergic neurons was found to covary with the amount

oftime spent in PS and Waking and to correlate with PS once the correlation with Wake

had been partialed out. The present results thus suggest that both the dopaminergic and

GABAergic neurons in the VTA are more active during PS and Wake than during SWS

and most active in association with PS. They appear to be different ftam

eleetrophysiological data for presumed dopaminergic neurons in VTA that showed no
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significant change in average discharge rate during PS relative ta SWS and quiet or active

waking, whereas they are similar ta those for presumed non-dopaminergic neuroDS that

showed a significant increase in rate during PS relative ta quiet waking or SWS (Miller et

al., 1983; Trulson and Preussler, 1984).

These results evoke the question ofhow c-Fos expression could indicate increased

aetivity in the DA VTA cell group during PS and waking, whereas recording studies have

not revealed significant changes in average discbarge rate across the sleep-wake states.

There are several possible explanations. First, most recording studies have analyzed the

activity ofSN neurons (Steinfels et al., 1983; Strecker and Jacobs, 1985) or vrA neurons

grouped together with SN neurons (Miller et al., 1983). Second, recording studies in

fteely moving animais have not identified the recorded neurons as dopaminergic by

immunostaining, which particularly in the VTA, is important sinee dopaminergic neurons

are intermingled there with numerous non-dopaminergic neurons (Swanson, 1982; Ford

et al., 1995). Thircl~ single unit recording studies can only sample individual units and

thus cannot reliably assess whether neuronal populations are active in association with a

behavioral state. Fourth, and perhaps most pertinent, analysis ofthe average rate of

diseharge in these recording studies does not reveal changes in the pattern ofdischarge

that MaY occur during a behavioral state. Indeed, it is known that dopaminergic neurons

tend ta discharge in bursts ofspikes and do 50 during active or stimulated waking

conditions (Freeman et al., 1985; Horvilz et al., 1997) and during behaviorally significant

and rewarding situations (Schultz, 1986; Mirenowicz and Schultz, 1996; Overton and

Clark, 1997). In one recording study, it was reported that the variance ofthe interspike

interval was significantly different across sleep-wake states for dopaminergic VMT

neurons, such as to indicate that inereased bursting occurred in these neurons during PS

as compared to SWS (Miller et al., 1983). Here, the increased e-Fos expression in the

DA VTA neurons in association with PS could be due to increased burst discharge, which

is associated with increased calcium influx (Overton and Clark, 1997). Interestingly,

there is evidence that in anesthetized rats a much larger percentage ofpresumed DA VTA

neurons (73%) than DA SN neurons (18%) discharge in bursts (Freeman and Bunney,

1987; Grenhoffet aL, 1988). Since dopaminergic VTA neurons do not exhibit burst

fuing in vitro, it is likely not generated by intrinsic properties but instead evoked by
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afferent input to the neurons (Grace, 1988). Accordingly, either because ofdifferential

exeitatory input or differential inhibitory control (above), the DA VTA neurons may be

more active or diseharge more in bursts than the DA SN neurons during PS.

The increased number ofGABAergie neurons expressing c-Fos in the VTA

following deprivation and recovery suggests that these neurons are more active during

waking and PS than during SWS and most active during PS. This finding is in

accordance with recording studies ofpresumed non-dopaminergic (Miller et al., 1983)

and more recent studies of immunohistochemically identified GABAergic VTA neurons

that were found to discharge at their highest rates during PS (Lee et al., 1997; Steffensen

et al., 1998). GABAergic VTA neurons give rise to long ascending projections into the

posterior hypothalamus (Ford et al., 1995) and forward ta limbic and cortical targets

(Steffensen et al., 1998) where they May influence activity in parallel with the

dopaminergic neurons by acting upon different target neurons or by potentially phasically

modulating the same target neurons. It would appear that they do not cause a tonie

inhibition of the neighboring dopaminergic VTA neurons during PS, but could exert a

phasic influence on them also, which could promote their diseharge in bursts (Overton

and Clark, 1997).

The burst discharge of VTA neurons has been shawn to depend upon excitatory

input, which cornes trom glutamatergic (Overton and Clark, 1997) and also cholinergie

input, which originates in the PMT (Grenhoffet aL, 1986; Gronier and Rasmussen,

1998). Acetylcholine (ACh) induces bursting through nicotinie receptors on both VTA

and SN DA neurons, however, notably, also induces bursting through muscarinie

receptors on VTA but not SN DA neurons. Hence, cholinergie PMT neurons could

stimulate burst firing, particularly in VTA DA neurons during specifie waking conditions

and during PS when the cholinergie neurons are maximally active (ElMansari et aL,

1989; Maloney et aL, 1999). Enhancement of extraeellular ACh in the VTA by local

inhibition ofeholinesterase increases DA release in the limbic forebrain, an effect that

depends upon input from the laterodorsal tegmental (LOTg) but not from the

pedunculopontine tegmental (pPTg) nucleus (Blaha et aL, 1996). In our previous study
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(Maloney et aL, 1999), cholinergie c-fos expressing neurons were significantly increased

during PS recovery and significantly correlated with PS within the LDTg nucleus.

Aceordingly, the cholinergie LOTg neurons eould stimulate burst discharge in the

dopaminergic VTA neurons during PS.

Increases in DA VTA neuronal aetivity could be responsible for the activation of

limbie forebrain areas during PS (Maquet et al., 1996; Sastre et aL, 2000), as during

rewarding brain stimulation (Flores et al., 1997; Arvanitogiannis et al., 2000). It could

also subserve a role in learning and memory during PS (Winson, 1993; Kami et al.,

1994), as during waking (Ljungberg et aL~ 1992; Sehul~ 1998). And, it could play a role

in the human cognitive correlate of PS, dreaming.
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As inferred here by c-Fos expressio~ aetivity in GABAergic neurons is increased

during PS in the VMT. In the SN, increased GABAergic aetivity may play a role in the

inhibition of motor movements and a permissive role in induction of muscle atonia. In

the VTA, bath GABAergic and doparninergic aetivity were increased in association with

PS. The VTA projects to limbic and cortical structures and hence, by ilS connections,

may contribute to the affective and cognitive aspects associated with the PS charaeteristic

ofdreaming. Increased activity in the dopaminergic VTA system has been associated

with the hallueinogenie aspects associated with psyehosis [Davis, 1974 #1953], which in

turn have been likened to dreaming. The notion that the differences between these areas

are a result ofdifferential activation by cholinergie input from the pontomesencephalic

tegmentum has been discussed. The cholinergie pontomesencephalic tegmentum has

been shown to be active during PS. Through efferent projections, these neurons can

influence descending systems from the PnO, which may in tum modulate muscle atonia,

while through ascending projections, they may modulate cholinoceptive neurons in VMT

differentially. In the SN, this cholinergie effect may provide via activation of

GABAergic neurons a parallel inhibition of motor aetivity in the striatal structure. In the

VTA, this cholinergie effect may provide via activation ofboth dopaminergic and

GABAergic neurons modulation in limbic and cortical structures considered to he

important in reward mechanisms, learning, and the induction ofdreaming.
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4.2.7 Tables and Figures

Table 1.

Percentage oftime spent in Wake, tSWS (transition from Wake ioto SWS), SWS, tPS

(transition from SWS ta PS) and PS states during the fioal-3 hour recording period prior

ta sacrifice (day 4 of the experimentai paradigm) for animaIs in each condition (mean ±

s.e.m., n=4). Significant ditTerences per state between conditions were tested by repeated

measures ANOVA with one trial factor ('day') and one grouping factor ('condition').

When there was a significant main effect for condition for one of the states, post hoc tests

were performed per day across conditions using Fisher's pair wise comparisons. In the

cases where a significant difference between conditions was found, another post hoc test

was perfonned by repeated measures ta determine whether there was a significant

difference between day 4 and day 1 within that group. Only differences that were

significant both with respect ta the control group (PSC) and relative ta the baseline

condition (day 1) are indicated. Differences with respect to PSC are indicated by *
pOO.OS. Differences with respect to PSD are indicated by t pOO.OS. (After (Maloney et

aL, 1999»).
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•
Table 1. Sleep-wake states OD the last esperiDaeDtai day (day 4) for PSC, PSD, ud PSR.

Condition State (%)

PSC Wake 21.00±2.00

tSWS JO.OO±5.00

SWS 9.00±3.00

tPS 25.00±4.00

PS 14.S0±6.S0

PSD Wake 56.J2±3.87*

tSWS 34.00±4.74

SWS 3.04±1.53

tPS 6.2S±I.03

PS O.O±O.O *

PSR Wake 16.36±1.28

• tSWS lO.7S±2.60

SWS 25.S1±1.06

tPS 19.2S±1.32

PS 28.37±1.86*t
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Table 2.

CeH counts were taken from adjacent series ofsections eut at 25 Ilm and collected al 200

J.1m intervals.

a c-Fos+ œil numbers correspond to the mean ± s.e.m. of the total number ofcells

counted unilaterally in single-immunostained sections at one level (-A2.9) in 4 animaIs

per condition.

b TH+/c-Fos+ and GAD+/c-Fos+ cell numbers correspond to the mean ± s.e.m. of the

total number ofcells counted bilaterally in dual-immunostained sections at 3 levels

(-A2.9, -A2.5 and -A2.I) in 4 animais per condition.

An ANGVA was performed with cell numbers as dependent variable, condition as

grouping variable and rat and level as covariates. A significant main effect for condition

is indicated by .,•• or ••• CP ~0.05, 0.01 or 0.001) in the column under F. With

significant main effects of condition, post hoc tests between individual conditions were

performed using Fisher' s pair wise comparisons. A significant ditference with respect to

PSC is indicated by *, ** or *** (p~ 0.05, 0.01 or 0.001) and with respect to PSD by t,

tt or ttt (p~ 0.05, 0.01 or 0.001).
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Table 2. Number of c-Fos+, TH+/c-Fos+, or GAO+/c-Fos+ cells eounted in the ventral tegmental area
and the substantia nigra in PS control (PSC). deprived (PSO), or reeovery (PSR) groups.

c-Fos+ D

psc PSD PSR F

TH+/c-Fos+ h

psc PSD PSR a:

GAD+/c-Fos+ h

psc PSD PSR F

SN

VTA

•

616.7St83.90 540,00t68.80 706.S0t SK.42t •

314.00tI02.46 343.75t60.60 431.75t75.22

70.S0t 13.36 86.S0t 29.72

~R.25t 3.82 62.(lOt 20,49

•

88.33:t 12.32

··t96.0(h 24.01 ••

249.33:t43,18

14J3i 4.98

190.33± 18.66 295.00t 87.00t •

.. ···tt44,33t 7.51 77.50t 18.50 •••
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Table 3.

A generallinear model was employed ta test whether cell counts varied significantly as a

function ofstate. Using multiple linear regression with an interactive stepwise procedure

for adding or removing variables, a model was examined in ail regions where a

signiticant main effeet of condition was found (see Table 2). To test the principal

hypothesis that cell counts varied as a funetion ofPS, %PS alone was evaluated tirst. If

not significant, %Wake was stepped in and the regression for %PS and %Wake was

evaluated in the model. Significant models are indicated with the state(s) showing the

signs (+ or -) ofthe individual coefficients, the squared regression coefficient (variance)

and the F value of the model. Dashes indicate a lack of significance. Probabilities are

indicated as *, ** or *** (p~0.05, 0.01 or 0.001).
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Table 3. Relationsbip between the number of c-Fos+, TH+/c-Fos+, or GAD+/c-Fos+ ceU counts and %PS or °AtPS with % Wake
as assessed by linear regression models

GAD+/c-Fos+

SN

c-Fos+

State r2 F

TH+/c-Fos+

State F State

+PS

r 2

0.08

F

4.03 •

VTA

•

+ PS + WAKE 0.20

•

7.71 ••• + ilS + WAKE 0.33 Il.29 •••

•



•

•

•

Figure 1. Photomicrographs ofsections through the substantia nigra (SN) and the ventral

tegmental area (VTA) with dual-immunostained c-Fos (blue granular chromogen,

BDHC) and either TH (upper) or GAD (Iower) (brown chromogen, DAB). Black

arrowheads indicate single-immunostained e-Fos+ cells; white arrowheads indicate

examples of single-immunostained TH+ or GAD+ cells; and paired black & white

arrowheads indicate dual-immunostained eells. Scale bar, 25 Ilm.
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Figure 2. Computerized atlas figure through the mesencephalon (at -A2.9, (paxinos and

Watson, 1986». TH+/c-Fos+ cells (squares) and GAD+/c-Fos+ cells (triangles) were

mapped in the SN and VTA in representative animais from PSD (Ieft) and PSR (right)

groups. Note the apparent greater number of GAD+/c-fos+ cells and TH+/c-fos+ cells

in the PSR animal as compared to the PSD animal. OpMe, deep mesencephalic nucleus;

IP, interpeduncular nucleus; RN, red nucleus; SC, superior colliculus; SNe, substantia

nigra, pars compacta; SNR, substantia nigra, pars reticulata; SNL, substantia nigra, pars

lateralis; VTA, ventral tegmental area; 3t oculomotor nucleus.
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Figure 3. Linear regression plots and coefficients (with significance indicated by • pO

0.05) for the VTA ofthe total number ofdual-immunostained TH+/c-Fos+ cells (Ieft)

(df=ll) and GAD+/c-Fos+ cells (right) (df=8) as a function ofthe standardized residuals

of%PS after partialing out the regression with %Wake (PS[Wake]). The bar charts in the

middle show the average total number ofTH+/c-Fos+ cells (top left) and GAD+/c-Fos+

cells (top right) and the percentage oftime spent in PS (bottom) for the three different

conditions, PSC, PSO, and PSR. According to the statistics detailed in Table 2, there was

a significant main effect ofcondition for the number ofTH+/c-Fos+ and GAD+/c-Fos+

cells.
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Chapter Five
Discussion

180



• 5. Discussion

•

•

5. J Discussion

Although the range of physiological events that underlie the unique state of

paradoxical sleep (PS) would undoubtedly involve comple" mechanisms and dynamic

processes throughout the central nervous system, the pontomeseneephalic brainstem, and

in particular the cholinergie neurons within the tegmentum, appear to play a particularly

important role in the initiation ofPS. Through modulation ofdeseending and aseending

systems, the cholinergie pontomesencephalic tegmental (PMT) neurons, have been

hypothesized ta elicit Many PS charaeteristics, including muscle atonia and even perhaps

the cognitive correlate ofPS, dreaming (Hobson, (992). Phannacological, lesion and

single unit recording studies of "presumed" cholinergie neurons have provided evidence

for a cholinergie involvement in PS, however, confirmation of increased activity in

chemieally defined eholinergic neuronal populations within the PMT during PS was

laeking. Similarly, pharmacological, lesion and single unit recording studies of

"presumed" monoaminergic neurons have provided evidence that monoaminergic

neurons located within the pontomesencephalic brainstem may antagonize the occurrence

ofPS, and their hypothetical cessation ofactivity was considered to he critical in the

induction ofPS. However, again, without verification of the chemical identity ofsingle

unit recording studies the inactivity of these monoaminergic neuronal populations

remained hypothetical, until now.

The three studies presented in this thesis confront these previous limitations by

utilizing a dual immunohistochemical procedure, for c-Fos expression and

neurotransmitters or their enzymes, in order to immunochemically visualize activity in a

population ofchemically defined neurons during PS rebound. c-fos expression May be

induced ta high levels by physiological stimuli and has been reponed to be transiently

expressed in neurons after synaptic stimulation (Hunt et aL, 1987; Robertson et al., 1991).

To induce an enhancement in the duration ofPS, and therefore an enhancement in the

physiological stimuli underlining that state, the present studies also utilized, successfully,

the established phenomena ofPS rebound after PS deprivation (Morden et al., 1967). By

implementing these immunohistochemical and behavioural procedures, the results
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presented in this series ofstudies not only offer authentication ofsuggestions inferred by

lesion and single-unit recording studies, but provide potential insights into the possible

mechanisms involved in invoking sueh fluctuations in activity within and between

neuronal populations during PS.

Within the laterodorsal tegmental (LOT) and pedunculopontine tegmental (pPT)

nuclei of the PMI, cholinergie neurons are intermingled with GABAergic neurons (Ford

et al., 1995). The hypothetical increase in activation ofcholinergie neurons populating

this region during PS was confirmed here by an increase in c-Fos expression in

eholinergieally identified neurons during PS rebound. Interestingly, it was further found

that GABAergie neurons co-distributed with the cholinergie neurons in the LDTIPPT

nuclei also exhibit an increase in c-Fos expression during PS rebound. It has been shown

that a significant proportion of non-cholinergie LDTIPPT neurons are active during PS

(Merchant-Naneyet aL, 1992; Shiromani et aL, 1992), and it may now be suggested that

this population ofneurons is GABAergic. Injection of the muscarinic receptor agonist,

earbaehol, into the central pontomesencephalie region, the pontine reticular nucleus, pars

oraIis (pnO), induees astate similar to PS and also is assoeiated with an increase in c-fos

expression in GABAergie neurons in the LDTIPPT nuc1ei in the sicle ipsilateral to the

injection (Torterolo et aL, 2001). The GABAergic cells presumed active during PS and

carbachol-induced PS may also correspond to non-cholinergie neurons exeited by

carbaehol microinjections in vivo (Sakai et al., 1986). Furthermore, microinjeetions of

GABA agonists into the cholinergie LDTIPPT nuclei dose-dependently reduce behavioral

acousaI (Miller et aL, 1991), while injections ofGABA antagonist increase arousal

(Sanford et al., 1998). The functional significance ofthis increase in GABAergie activity

in the LDT/PPT cholinergie area during PS may include an inhibition of a subset of

cholinergie neurons that are selectively active during wake (Thakkar et aL, 1998). Other

hypothetical functional significance ofthis GABAergic activation may involve the

projection of inhibition to monoaminergic neurons in close proximity, to other neurons in

the pontomesencephalic tegmentum, or even involve the pacing cholinergie neurons as is

suggested in other systems (Steriade and Deschenes, 1984). In sum, the once

hypothetical increased aetivity of cholinergie neurons populating the LDTIPPT nuclei

during PS is supported here by the demonstration that cholinergie neurons exhibit an
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increase in c-fos expression during PS. The findings presented here also demonstrate an

increase in GABAergie activity within the same regions that may provide a potential

mechanism by which certain cholinergie neurons are selectively activated, or how

cholinergie neurons may induce indirect inhibition oflocal monoaminergic neurons

during PS.

Receiving projections from the cholinergie LDTIPPT region are the dorsal and

median raphe nuelei. The raphe nuclei contain both serotonergic and GABAergie

neurons. Providing support that serotonergie neurons are inactive during PS, it was

demonstrated here that there was a decrease in c-Fos expression in serotonergic neurons

during PS. Furthermore, it was found that GABAergic neurons of the raphe nuclei

expressed higher levels ofc-Fos in association with PS rebound suggesting that they are

active during PS. Cholinergie LDTIPPT stimulation can cause an inhibition of

serotonergic neurons that is likely indirect (Sakai, 1988; Li et al., 1998), and hence

potentially mediated through local PMT and/or raphe GABAergie neurons. Studies using

carbachol to induce astate similar to PS have shawn that the state is associated with an

inerease in c-Fos expression in non-serotonergic DR neurons (Yamuy et al., 1995), which

we may now suggest are GABAergic. In this way, naturally occurring PS or carbachol

induced PS, may activate GABAergic neurons which in tum suppress serotonergic

neurons of the raphe nuclei. Within the dorsal raphe, GABA immunoreactive terminais

contact serotonergically identified neurons (Wang et al., 1997), that have also been

shawn ta express GABAA receptors (Gao et al., 1993). Microdialysis studies show that

GABA release in the raphe nuclei is maximal during PS in comparison to SWS and Wake

(Nitz and Siegel, 1997b). Iontophoretic application ofGABA agonists cause a reduction

in dorsal raphe serotonergic activity (Gallager and Aghajanian, 1976) and an increase in

PS (Laneel et al., 1996) (Nitz and Siegel, 1997a), while iontophoretic application of

GABA antagonist, bicuculline, reverses the suppression of serotonergic neurons observed

in SWS (Levine and Jacobs, 1992). Together, these results suggest that GABAergic

neurons projecting to and/or in the dorsal or median raphe nuclei, potentially excited by

cholinergie activity, inhibit surrounding serotonergic neurons during PS.

The locus coeruleus, populated by noradrenergic neurons, and surrounded by

GABAergic neurons of the central gray, also receive projections from the LDTIPPT
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cholinergie nucleL Noradrenergic neuronal firing has been hypothesized to virtually

cease during PS, and this assumption is supported here by the observation ofa decrease

in e-Fos expression in noradrenergic neurons during PS. Funhermore, it was found that

GABAergic neurons surrounding the locus eoeruleus expressed higher levels ofc-fos in

association with PS rebound, suggesting an increase in GABAergic activity during PS.

In support ofincreased activity in GABAergic neurons innervating the locus coeruleus

during PS, biochemical studies have found greater release ofGABA in the locus

coeruleus during PS than during SWS or waking (Nitz and Siegel, 1997b). Moreover, the

cessation ofdischarge by locus coeruleus neurons during this state can be reversed by

microinjeetion ofGABAA antagonist bieuculline (Gervasoni et aL, 1998), which also

results in a decrease in PS (Kaur et aL, 1997). These results indicate that neighboring

GABAergic neurons could inhibit noradrenergic locus coeruleus neurons during PS.

In the initiation and generation ofPS, the cholinergie projections fram the PMT ta

the central pontomesencephalic tegmentum, the pontine reticular nucleus, pars oralis

(pnO), is considered to be ofparticular importance. Microdialysis studies have shown

that there is an increase acetylcholine (ACh) release in the PnO during PS (Kodama et aL,

1990) and, as previously mentioned, injections of the cholinergie muscarinie receptor

agonist, carbachol, into the PnO induces a state very similar to PS with muscle atonia

(George et al., 1964; Baghdoyan et aL, 1984; Morales et aL, 1987; Vanni-Mercier et al.,

1991). Studies using carbachol injections into the PnO as a means ofinducing astate

similar to PS have shown a small increase or no change in the number ofcholinergically

identified neurons exhibiting c-fos in the LDTIPPT nuclei (Shiromani et aL, 1996;

Yamuy et al., 1998). However, because carbachol aets directly on cholinoeeptive target

neurons (Vanni-Mercier et al., 1989; Jones, 1990), its pharmacological effeet would not

depend on increased activity in cholinergie cells, Le. cholinergie neurons would be

'downstream' to the cascading events ofits etTect. In fact, carbachoi exerts an inhibitory

effect on LDTIPPT cholinergie neurons (Sakai and Koyama, 1996), and hence

cholinergie activity cannat be reliably evaluated under such a paradigm. Renee,

carbachol-induced PS demonstrates the importance of the cholinoceptive PnO neurons in

the generation ofPS but cannot he used ta evaluate aIl neuronal events underlying the

naturai state ofPS.
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In the PnO, our results demonstrated an increase in c-fos expressing neurons

populating that region during ·PS, and a decrease in c-fos expression in the local

GABAergic neurons located there within. This type ofconfiguration in neuronal activity

would support a model ofdisinhibition by local GABAergic neurons during PS, and it

should be mentioned that of ail the regioos examined in these studies ooly this region, the

PoO, exhibited a decrease in GABAergic activity. In support ofa decrease in

GABAergic activity in the PnO during PS, injections ofGABA or GABA agonists in this

region reduces PS, while injections ofGABA antagonist excite PS-on neurons (Sakai and

Koyama, 1996), and increases PS (Xi et aL, 1999). Activation of this cholinoceptive

region by carbachol injections has becn shown to induce a state very similar to PS with

muscle atonia (George et aL, 1964; Torterolo et aL, 2001), which we now suggest is due

in part to a disinhibition by GABAergic neurons.

Through activation ofdescending pathways, the PoO is in a position ta induce the

PS characteristic, muscle atonia. Transections through the upper pons produce a

generalized and enduring muscle atonia, indicating that the oral pons has the capacity ta

tonically inhibit muscle tonus (Keller, 1945). The influence of the PnO in the generation

ofmuscle atonia is thought to be relayed through the medullary reticular formation since

stimulation ofthis region results in muscle atonia (Magoun and Rhines, 1946).

GABAergic neurons orthe medullary reticular formation have been shown to project to

the spinal cord (Jones, 1991), where it is suggested that they provide, either directly or

indirectly, muscular inhibition during PS. Supporting this notion, our results found an

increase in c-fos expression in GABAergic neurons in the reticular nucleus, pars caudalis

(Pne), and in mast gigantacellular reticular nuclei in the medullary reticular formation.

Hence, it can be presented that the cholinoceptive PnO regian released from disinhibition,

during PS, may provide excitation ta local and projecting GABAergic neurons in the

medullary reticular formation, which in tum may initiate the PS characteristic of muscle

atonia.

Early neurochemical studies assessing the presumed 'cholinergie' content of the

reticular activating system revealed t\VO ascending routes, a dorsal relay through the

thalamus that was later confirmed to be cholinergie, and a ventral relay through the basal

forebrain that was later round not to be primarily cholinergie but dopaminergic (Jones
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and Cuello, 1989). This dopaminergic system arises from the dopamine neurons located

in the ventral mesencephalic tegmentum (VMT); substantia nigra and the ventral

tegmental area. The results ofour study show that aetivity may be different in these two

nuclei during PS. In the substantia nigr~ GABAergic neurons are shown to increase in c

Fos expression as would be expected in a system involved in initiation ofmotor

movement, while in the ventral tegmental area, bath dopaminergic and GABAergic

neurons increase in c-Fos expression during PS. The role that GABAergic neurons play

during sleep in the VMT has not been made clear by previous research. Non

dopaminergic neurons, and possibly GABAergic neurons, have been shown to increase

their Mean average discharge rate during PS (Miller et aL, 1983; Steinfels et aL, 1983).

In the substantia nigr~ it can be hypothesized that these GABAergic neurons may exert

an inhibitory influence on adjacent dopaminergic neurons (Tepper et al., 1995), or

inhibitory influence on distal striatal structures to which they project. Together, the

dopaminergic and GABAergic neurons, both local and distally projecting, may Mediate a

roIe in permitting the muscle atonia that accompanies PS ta occur. GABAergic influence

over muscle activity in the substantia nigra may be appreciated by studies showing that

injections of muscimol (GABA agonist) abolish bethanechol-induced muscle rigidity

(Schulz and Macdonald, 1981), while injections ofbicuculline (GABA antagonist)

produce tonic activity in the EMG (Havernann et al., 1983). Increased activity in

GABAergic neurons may inhibit or attenuate activity in the striatal mator system which if

disturbed May antagonize PS. The substantia nigra neurons also send non-dopaminergic

projections to the pontomesencephalic tegmentum cholinergic cell are~ which have been

defined by intracellular recording studies as being inhibitory (Noda and Oka, 1986).

Hence, the GABAergic neurons of the substantia nigra may potentially modulate

incoming signais from the LDTIPPT cholinergie nuclei or communicate motor

information ta lower brainstem structures via the LDTIPPT cholinergie cell area.

In this study, an increase in c-Fos expression was observed in both GABAergic

and dopaminergic neurons of the ventral tegmental area during PS. Electrophysiological

studies of ventral tegrnental area dopaminergic neurons over the sleep-waking cycle have

demonstrated variance in interspike interval suggestive ofbursting activity during PS

(Miller et al., 1983), and an increase in c-Fos expression may indicate such a change in
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ftring pattern (Overton and Clar~ 1997). Cholinergie influence on ventral tegmental area

GABAergic mechanisms and/or direct excitatory influences on dopaminergic neurons

may be responsible for this hypothetical change in activity during PS. However, since

bursting in dopaminergic neurons is associated with an increase ofdopamine release in its

tenninallocations (Gonon, 1988), an increase in c-Fos expression ifrefleeting a change

in firing pattern may also refleet an increase in dopamine release in Iimbic and cortical

structures to which this system projects. Given the role these terminal structures play in

PS, and the raie the ventral tegmental area plays in leaming, reward, and even

hallucinations or psychotic thought, ail ofwhich have been linked to PS and dreaming,

the final findings in this series ofstudies are provocative. It is presented here, that the

increase or change in dopaminergic activity in the ventral tegmental area observed during

PS, May induce via limbic and cortical structures the cognitive correlate ofPS, dreaming,

and provide insight into its functional significance.

In the pontomesencephalic tegmentum the cholinergie neurons, and GABAergic

neurons co·distributed in this regions are shawn to increase activity in association with

PS, while monoamiengic neurons are shown ta decrease activity in association with PS

and this decrease may be elicited by cholinergic mechanisms. If the cholinergie neurons

of the LDTIPPT are the initiators ofPS, then the cholinoceptive PnO region appears to be

one of the generators ofPS and PS characteristics. Activation in the PnO, by a possible

disinhibition through local GABAergic neurons, is increased dunng PS, and may

contribute to the medullary mediation of muscle atonia. The LDTIPPT projection to the

VMT, may act differentially on the neurons of the substantia nigra and ventral tegmental

area, whieh may result in an increase in GABAergic activity in the bath the SN and VTA,

but only an increase (or change of firing pattern) in the VTA dopaminergic neurons. This

dopaminergic activation may be associated with inducing via limbic and cortical

structure, to which it projects, the cognitive correlate ofPS, dreaming.
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