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Introduction 

The re.sponse of an organism, usually upon exposure to the environmental stimulus is 

referred to as behavior. It can be ~.~onscious or unconscious, overt or covert, and voluntary 

or involuntary. In animals, behavior is largely controlled by the neuro-endocrine system. 

The study of behavior becom~s challenging by the fact that any behavior, be it eating, 

expression of feelings or sleep-wakefulness, is a subjective phenomenon. 

Sleep-wakefulness is a
1 
complex behavioral phenomenon, regulated by an assemblage of 

factors, viz., neural, and humoral. Wakefulness is considered as most attentiv~ alert state 

having highest level of consciousness to environment where as during sleep consciousness 

remains in subdued state. Sleep has been classified into two states viz., non-REM (Non

rapid eye movement) and REM (Rapid eye movement) sleep each with its own distinctive, 

objective electrophysiological parameters. Various theories have teen put f;xwarded to 

ur.derstand the mechanism REM sleep in which the classical electrophysiological and 

anatomical studies have outlined. 

Neural regulation of REM sleep is maintained by the brainstem though other brain 

areas may modulate them. The mechanism that triggers REM sleep is located in the pontine 

reticular formation. The Locus coeruleus (LC) receives cholinergic as well as GABAergic 

projections from other parts of the brain and it has also GABAergic interneurons. 

Galaninergic and GABAergi~ neurons from ventrolateral preoptic area also project the LC. 

The noradrenergic neurons are clustered in the LC region of the brain, which is the primary 

site for supplying noradrenalin in the brain. The firing of noradrenergic neurons in the LC 

and serotonergic neurons in the mid brain raphe contributes to wakefulness and these 

neurons are silent or cease firing during REM sleep hence they are termed as REM-OFF 

neurons. On the other hand, cholinergic neurons in the Laterodorsal tegmentum (LDT) and 

the pedunculo pontine tegmentum (PPT} in the brain stem increase firing during REM sleep 

and hence known as REM-ON neurons. The anterior portion of hypothalamus including 

preoptic area is important for the regulation of sleep and the posterior portion regulates 

wakefulness. At least two distinct nuclear groups have been implicated for the generation of 

REM sleep. They are the cholinergic neurons in LDT and PPT and the noradrenergic 

neurons in the LC in the dorsolateral pons. 



Orexins are a pair of excitatory n(:urotransmitters (neuropeptides) which is released from 

neurons in the perifomical (PeF) hypothalamic area that act on orexin receptors (OXR-1 

and 2), present in the brain and are reported to modulate sleep and wakefulness (Peyron et 

a/., 1998).0rexinergic neurons giv~s it projection to almost all brain area in which, LC 

receives the heaviest projection, a.r.d tubero mammillary nucleus, dorsal raphe, basal 

forebrain receives moderate projections. Noradrenergic LC-REM-OFF and cholinergic 

LDT and PPT REM-ON neurou3 play important role in maintenance of REM sleep. LC-
; 

-REM-OFF neurons remain active during waking but cease firing during REM sleep (Chu 

and Bloom, 1973 ). Orexin has been reported to increase waking (Hagan et a!., 1999) and 

glutamate stimulation of PeF increases waking while decreases REM sleep (Alam and 

Mallick, 2008). Since orexin is an excitatory neuropeptide and LC receives the heaviest 

projections, it is possible that orcxinergic projection to LC keeps these neurons active and 

maintains wakefulness and prevents REM sleep occurrence during waking. Hence, in this 

study it has been proposed to stimulate PeF with glutamate and simultaneously block 

orexinergic receptors in the LC and record the effects on sleep-waking and REM sleep in 

freely moving normally behaving rat. 
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Review of literature: 

SLEEP: AN OVERVIEW 

Sleep-Wakefulness is a complex combination of physiological and behavioral processes 

regulated by different areas of brain. Sleep has been defined as a reversible state of 
I 

perceptual disengagement and unresponsiveness to the environment. Sleep is usually 

accompanied by postural recumbence, quiescence and closed eyes. Sleep is a physical and 

mental resting state in which a person becomes relatively inactive and unaware of the 

environment. In essence, sleep is a partial detachment from the world, where most external 

stimuli are blocked from the senses. 

QUANTIFICATION OF SLEEP 

Sleep being as a subjective phenomenon objective quantification is done by using various 

electrophysiological parameters. They are-

1. EI.ECTROENCEPHALOGRA.l\1. (EEG) - EEG is the recording of electrical activity 

along the scalp produced by the firi~g of neurc ns within the brain. 

This methodology is known as electraencephclograpy.The record of the signals is referred 

as the electroencephalogram 

2. ELECTROOCULOGRAM (EOG)- Recording of the movements of the eyes. 

3. ELECTROMYOGRAM (EM G) - Recording of the muscle tone from the antigravity 

muscles. 

4. HIPPOCAMPAL THETA RHYTHM- Generators for the theta rhythm are located in 

the pyramidal cells of CA 1 region, in the dentate gyrus and in the medial en to rhinal cortex. 

Hippocampal waves are usually recorded from the CAl region of the hippocampus. 
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5. PONTO-GENICULO·OCCIPIT AL WAVES (PGO W A VES)-PGO waves originate 

in the pontine region and propagate rostrally through the lateral geniculate and other 

thalamic nuclei to the cortex. PGO waves are best characterized in cats and are recorded 

from pons, lateral geniculate body and occipital cortex. 

REM sleep has been identifi€d and quantified in many species includin.g humans 

(Aserinsky and Kleitman, 1953~ Rechtschaffen and Kales, 1968), cats (Dement 1958; Ursin 

and Sterman, 1981 ), dogs and monkeys (Reite et al., 1965) rats (Michel et al., 1961; Timo

Iaria et al., 1970) and in mice (Higashi A, 1983). The total time spent in sleep is negatively 

correlated with the body size but has a positive correlation with the time spent in REM 

sleep (Zepelin, 1994). ~erefore larger animals spend less time in NREM sleep and 

consequently experience less REM sleep. It has also been proposed that predators (e.g. cats) 

are usually good sleepers as compared to prey species (e.g. rabbit) with REM sleep 

occupying 15% or more time spen~ in sleep (Bert et al., 1977). 

4 



Berger in 1929 first recorded EEC, the first electrophysiological correlate and showed in 

humans that its frequency and amplitude are inversely related to each c,ther. On the basis of 

EEG, EOG, EMG, PGO waves and theta wcwes, sleep-wakefulness cycle in animals can be 

objectively classified into following five stage:s: 

EEG (100!-JV)J 

(50j.JV) REM 
EMG (50JJV) 

Fig: l.Electrophysiological pattt::m3 of various sleep stages 

Active W~1kefulness (A W) - This is a state of awareness in which an individual is 

conscious of his or her surrounding environment and has the ability to interact with it. EEG 

is desynchronized posses low voltage and high frequency ( 14-30 Hz) known as beta rhy:hm 

in humans, and an1plitude that can vary from 20-50 uV, among different sp?cies. Eye 
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movement and high muscle tone are present. Theta rhythm appears in the hippocampal 

waves. PGO waves do not show activity though occasional spikes may be present during 

eye movements. The EEG in rat shows ba Jdwidth of 30-40 Hz and amplitude of 301-1 V 

approximately (Timo-Iaria., 1970) . 

. Quite Wakefulness (QW) ~ The beta wave..s (present during active wakefulness) are 

replac.ed by spindle waves (waxing and waning ofEEG in range of7-14 Hz in cat (Steriade 

1995) along with mostly low voltage f<tst waves. EOG and EMG activities are present but 

are remarkably reduced. Hippocampal waves show high amplitude spindle and PGO (in 

cat) waves are absent. In human rhjs EEG state is called alpha rhythms. Both active 

wakefulness and quite wake fullness together comprise of about 31.5% of the time spent in 

the 24 hr day-night cycle in cat(Jouvet 1969). 

Sleep OilSet is associated with slowing of the EEG activity and .the rising EEG amplitude, 

followed in most mammal~ by the appearaace of spindling and oscillation, delta waves and 

slow sleep oscillation. 

Sleep has two distinct states, non~REM sleep and REM sleep 

Non-REM sleep: 

Slow Wav~~ Sleep 1 (SWSl) • EEG is synchronized and spindle oscillations dominate. 

EEG show high amplitude (ranges 75-400 )lV in different species) Spindles show a 

bandwidth of 2-5 Hz in dogs, 6-7 Hz in si.oth, 8-11 Hz in opossum (Zepelin 1994). In rat 

spindle frequency varies from 6-12Hz having amplitude ranging from 30-300 pV (Timo

Iaria eta!., 1970). PGO waves are absent in cat. 

Slow Wave Sleep 2 (SWS2)- Spindles become reduced and progressively over11elmed by 

-low frequency (1-4Hz) high voltage EEG waves (delta waves). Irregular high-voltage slow 

waves in the the hippocampal activ:ty with lowering activity in EMG and no activity in 

EQG recorded. PGO waves are absent in cat. 
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The slow wave sleep and deep sleep comprises of 5205% of the total time spent in the 24hr 

day-night cycles (Jouvet, 1969). 

Rapid Eye Movement (REM) Sleep - REM sleep is the deepest sleep state when the 

threshold for arousal is maximum and it mostly follows deep sleep state. EEG waves show 

low amplitude high frequency ( 4-8 Hz) theta waves referred as active or desynchronized 

sleep state: in cat (Vertes, 1982). As compared to wakefulness, there is little increase in 
1 

voltage in EEG viz -40 J...l V in REM sleep compared to -30 J...1. V in wakefulness in rats 

(Timo-Iaria eta/., 1970). 

Hobson reported in Hyla and Rana that fast frequencies EEG are suggestive of 

REM sleep-like states in Anurans (Amphibians) (Hobson, 1967).Very small amount of 

REM sleep like state also found in squamata (Reptiles) (Tauber, Roffwarg et al., 1966; 

Taubar, Rojas-Ramirez et a/., 1968; Huntley, Friedman et al., 1977; Ayala-Guerrero and 

Buitron-Resendiz, 1991; Ayala-Guerrero, Huitron-Resendiz, 1994). Aphibians evolved 

about 400 million. years .ago in the Devonian period and they radiate in the Carboniferous 

period, about 50 million years later (Samat and Netsky, 1981). Reptiles ·evolved in 

Carboniferous period, of Paleozoic era, approximately 350 million years ago and 

dominated in Permian period about 280million years ago (Sarnat and Netsky, 1981; Carrol, 

1988), thus REM sleep is , believed to have evolved at least as early as 300 million years 

ago. In Avian and mammalian species REM sleep phylogenetically evolved some 140 

million years ago from a common ancestOr of marsupial and placental mammiJ.ls (Allison 

and van Twyv~r, 1980; Siegell996; 1999). 

REM sleep with its characteristic features like the occurance of rapid eye movement during 

this phase (therefore may be called REM sleep) and its repetitive alteration with periods of 

cortical synchronization was described (Dement and Kleitman, 1957) after a similar cycle 

had been discovered in human sleep (Aserinsky and Kleitman, I 953).The desynchronized 

phase of human sleep was also found to be associated with rapid eye movements aad with 

the psychological experience of dreaming (Dement and Kleitman, 1957). The individual 

may experience fluctuations in heart rate and rhythm during the stage. Desynchronization 
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of the co:rtical electrical activity in the sleeping cat was first reported in association with 

muscle twitch (Derbyshire eta/., 1936) and interpreted as second. "deep", stage of sleep 

(Klaue, 193 7). Because of paradoxical nature of REM sleep state to wakefulness and sleep 

state, based on behavioral and electrophysiological characteristic, REM sleep has also been 

termed as "sommeil paradoxical" or desynchro>Iized sleep or active sleep or dream sleep 

(Jouvet and Michel, 1959). Within REM sleep periods a distinction is made between the 

tonic and bursts of phasic REM state every 16-120 seconds and lasting from 2-9 seconds 

(Aserinsky and Kleitmah, 1953). Phasic REM sleep is characterized bt bursting of rapid eye 

and middle ear movements and tonic REM sleep is characterized by cortical and 

hippocampal EEG patterns. Phasic REM sleep is preceded by, ponto-geniculo-occipital 

EEG waves (PGO spikes in animal preparations) originating bilaterally in the dorso-lateral 

pons and projecting rostrally through the lateral geniculate nucleus (LGN) and other 

thalamic nuclei (Hobson, 1969). During REM sleep, general atonia is maintained as a result 

of marked and sustained hyperpolarization of the motorneurons (Chase et al., 1989). 

REM episodes repeat a number of times during sleep. In humans this stage recurs 

at an interval of approximately 90 minutes with its frequency of occurr~nce and duration 

stint incr~~asing with passage of time in sleep. The time taken for first appearance of REM 

sleep after going to sleep is known as REM Latency and has clinical significa;1ce as it is 

altered in certain disorders. Consistent with the overall increase in neural activity during 

REM sleep,· these levels becomes equal to those during waking state. 

REM sleep is regulated by brain stem though other brain areas may modulate it as 

well. The neurons in the LC cease firing during REM sleep and if an experimental animal 

was not allowed to have REM sleep, these neurons in the LC continued firing incessantly 

leading to disturbance or loss of REM sleep. Alternatively, if these neurons were not 

allowed to cease firing either by corttinuous dectrical stimulation (Mallick et al., 1996) or 

by applying antagonist of the neurotransmitter that keep these neurons inhibited (Mallick et 

al., 1997. Mallick et al., 2004), REM sleep clid not continue resulting in its reduction. Thus 

, the neurons in the LC must cease firing (as if it is a pre requisite) for the generation of 

REM sleep and non-cessation of these neurons caused reduction of REM sleep associated 
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with increased levels of nor-adrenalin (NA) in the brain which ultimately induces the 

effects associated to REM sleep deprivation .'loss. 

Localization of area(s) in brainst:em responsible for the regulation of REM sleep

Moruzzi and Magoun were the first to demonstrate the involvement of medial aspects of the 

brain stem reticular formation ht the induction and maintenance of cortical 

desyncl.ronization. Later it was shown that nucleus pontis caudalis (Jouvet 1962) a~ well as 
' nucleus pontis oralis (Carli and Zenchetti., 1965) are involved in cortical activation. The 

-activity of the LC NA-ergic system (Jouvet, 1972; Berridge and Foote, 1996; Shouse et al., 

2000) is causally and positively :related with behavioral and EEG indices of arousal. Also, 

the PPT neurons through .their projections to the intralaminar and midline thalamic nuclei 

(Lavoie and Parent, 1994) function as a part of the non-specific activating system 

responsible for cortical desynchronization and regulation of sleep- wake cycle (Steriade et 

a!., 1990). It is known that EEG desynchronization occur during waking and REM sle~p 

and that NA-ergic LC as well as cholinergic LDT/PPT are known to be responsible for 

EEG desynchronization through thdr proj~ctions to thalamus. However it has been reported 

that there are separate groups of ueurons in the pontine region responsible for EEG 

desynchronization during wakefulnes~ and jffiM sleep (Mallick eta!., 1998). Initial studies 

to localize anatomical structure in the brain responsible for the regulation of REM sleep 

generation started with transection and lesion experiments. A transection is a complete 

separation of one brain region from :mother by using surgical technique. A lesion is a 

localized destruction of a group of necrons or a group of nuclei. Concept behinc. such study 

was that if any normal manifestation, behavioral or otherwise, of a living organism 

continued to be expressed even after the destmction of certain brain area (s), the damaged 

area of the brain is possibly not essential for normal manifesta!ion of the function under 

consideration. In 1935, Bremer conducted the now classical cerveau isole and encephale 

isole experiments on cats. Bremer showed that intercollicular transection (cerveau isole) 

that separates brainstem from forebrain at the level of upper midbrain resulted in EEG 

pattern reflecting a continuous state of sleep (Bremer, 1935). When the transection was 

made between C1 and C2 segments of spinal :ord (encephale isole), thus separating the 

brain from spinal cord inputs, the sleep-wake cycle persisted (Bremer 1936). 
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Fig: 2. A. Encaphale isole B. Cerveau isole (cat) 

(Tak~n from:" Brain control of wakefulness and sleep" ,By Mircea Steriade, Robert W. 

McCarley) 

Bremer put froth the argument that the sensory input in cerveau isole is not sufficient for 

forebrain arousal and hence, a state of permanent synchronized EEG that is similar to sleep 

state occurs. However in encephale isole preparation, the sensory input from the cranial 

nerves particularly from the fifth (trigeminal) and eighth (vestibulocochlear) nerve are 

preserved, which provide sufficient sensory stimulation to maintain the sleep wake rhythm. 

Morruzi and Magoun. in 1949 a!ld Morruzi, 1972 proposed that there is an ascending 

reticular activating system (ARAS), which m?.intains the arousal levels required to keep the 

brain awake. Therefore, the sensory afferents are not directly responsible for waking 

process (as interpreted by Bremer). Instead these afferents activate the reticular formation 

via their collaterals (Starzl et al., 195!).Thus sleep was considered as a state resulting from 

functional ·de-afferentation of the ARAS or putting it simply, sleep is a passive 

phenomenon that results frotr. blocking of external sensory input to the brain. Morruzi's 

group further hypothesized that caudal brains~em is involved in sleep induction (Batini et 

a/., 1959). After bilateral electrolytic lesions in the dorsolateral pontine tegementum 

affecting LC suggested the role of this area in the REM sleep (Jouvet ·and Delrome 1965). 

In an attempt to further localize the neurons generating REM sleep, various lesion and 

transaction studies carried out. Carli and Zenchetti's 1965 identified that nucleus pontis 

oralis (RPO) is consistently correlated with REM sleep. Jouvet in his initial studies (1962) 

identified nucleus reticularis pontis caudalis (RPC), as the structure crucial for REM sleep, 

which also overlapped with Carli and Zanchet1i's definition of raphe pontis oralis (RPO). 
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However further studies by Jouvet's group ( Jouvet, 1972) pointed to the LC, not RPC as 

the crucial stmcture for REM sleep. 

Pontine region and regulatiQn of REM s:letp: 

The pontine region contains noradrenergic, cholinergic as well as GABA -ergic neurom. 

The noradrenergic neurons are clustered in tC.e LC, which is the primary site for supplying 
I 

NA in the brain. The functional characteristics of these NA-ergic neurons in the LC are that 

they cease firing during REM sleep (Bloom eta/., 1981, Jacob eta/., 1986) and hence they 

have been termed as REM-OFF neurons. Monaminergic REM-OFF neurons are present in 

LC as noradrenergic neurons (Chu and Bloom, 1973; Hobson eta!., 1975; Aston-Jones ar;d 

Bloom, 1981 ), in dorsal raphe (DR) as serotonergic neurons (McGinty and Harper, 1976), in 

tuberomammilary nucleus(TMN) of hypothalamus as histaminergic neuron:> (Sherin et 

a/.,1998). On the other hand, the cholinergic neurons in the laterodorsal tegmentum LDT 

and PPT in the brainstem -increase firing during REM sleep and they have been termed as 

REM-ON neurons. (Sakai et a!., 1989; Ste~iade et a/., 1990). The present knowledge 

indicates that interplay between REM··ON and REM -OFF neurons located in these nuclei 

in the pontine region are responsibJ,e fer the genP-ration and regulation of REM sleep 

(Hobson et al., 1975; Sakai,' 1988). 

Locus coeruleus; an anatomical des~ription: 

The LC is small clusters of neurons situa~ed in the pontine region near the wall of 4th 

ventricle and i.s one of tee few pigmented structures in the brain. Depending on the size of 

the cells and their organization, the LC has further been subdivided into LC-principal, LC

a, peri LC- <l and sub coeruleus by some sleep researchers (Sakai et al., 1981 ). The LC or 

its ana!ogue, projecting to the forebrain is not found in reptiles (Parent and Poitras 1974) 

and avians (Hashimoto et al., i974), though some catecholaminergic neurons projecting to 

the cerebellum and nearby tegmentum has been reported in teleosts and amphibian 

(Shimizu et ul., 1976). The number of neurons in LC increases from 200 in para:.<eet to 
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1600 in rats and 20,000 in human (Singt~wald and Philippu 1998).Projections from these 

neurons divide into ascending and descending branches and innervate almost all the areas 

in the brain, spinal cord (Skagerberg et al., 1982, Lyons and Fritschy, 1989) and brainstem 

(Fritschy and Grazanna 1990). The LC receives cholinergic (Luppi et al., 1995, Jones 

1990) as well as GABA-ergic projections (Aston-Jones et al., 1989 arid 1991) from other 

parts of the brain and it also has GABA·ergic intemeurons (Iijima and Ohtomo 1988). 

Galanin-ergic and GABA-ergic neurons from ventrolateral preoptic area also project to the 

LC (Sherin et al., 1998, McGinty et al., 2001 ). 

Locus coeruleus and REM sleep: 

There is ample evidence that brain noradr~nergic system plays a significant role in the 

regulation of REM sleep. Several techniques including electrical as well as chemical lesion, 

stimulation and microinjection have been extensively used to explore the role of LC in 
...... - ·f 

regulating REM sleep. Electrical destruction of the dorsal part of LC did not suppress the 

occurcnce of REM sleep. (Jones and Harper, 1 '>77). Similarly, destruction of ventral part of 

LC (LCa. and peri LC- a.), was. follow~d by irreversible disappearance of REM sleep atonia 

(Henly and Morrison 1974). However, destruction of LCp and LCa. along with peri- LCa. 

suppressed REM sleep during the two post lesion months (Sakai et al., 1978). Electrolytic 

lesions of the dorsal noradrenergio bundle that ascends from the LCp (Jouvet et al., 1973) 

resulted in increase in both non-REM sleep· and REM sleep (Sakai et al., 1975). The firing 

rate of the neurons in the LCp is maximum during wakefulness, decreases during non-REM 

sleep and almost cease during REM sleep (Aston-Jcnes and Bloom 1981, Jacob et al., 

1986, Hobson et a!., 1975) while that of the neurons located ventrally increas.e their firing 

rate (almost exGlusively) during REM sleep (Sakai eta/., 1981). The activity of the NA

ergic neurons in the LC has been positively correlated with activation of the sympathetic 

nervous syst1em (Reiner 1986). Sympathetic activation is normally accompanied by EEG 

desynchronization and according to Reiner, the activity of the LC-NA~ergic neurons 

increases with an increase in discharge in the sympathetic nervous syntem. The effect of 

jeprivation of REM sleep at the single neuronal level ilas been studied in cats and it was 

')bserved that REM-OFF neurons do not cease firing during REM sleep and they continued 
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firing during REM sleep deprivation. This and va!'ious other studies further led Mallick and 

coworkers to hypothesize that cessation of LC neurons is pre-requisite for the generation 0f 

REM sleep (Pal et al., 2005). The hypothesis was confirmed by the result3 of a study where 

chronic preparation of normally behaving, f tee moving rats received mild, low frequency 

but long term bilateral stimulation in the u:: which reduced REM sleep significantly by 

reducing the frequency of generation of REM sleep during the post-stimulation period 

(Singh and Mallick, 1996). This suggested that if the LC neurons could be kept active and 
I 

not allowed to stop firing, ~M sleep would hot be generated. Later it was proposed th&.t 

the cessation of LC neurons is m:cessary for the onset of REM sleep and a detailed 

mechanism for the same is reviewed (Pal et ~:~J ., 2005; 2007). 

Activation oJf LC neurons during :w ~kefulness: 

Normally REM sleep does not appear during wakefulness or immediately after going tc 

sleep. It appears after certain_period of non rapid eye movement (NREM) sleep. At least in 

humans, the duration and number cf'REM sleep episodes increase with progress and depth 

of sleep thrm::gh the night. Although it was known that REM sleep can not be initiated as 

long as the LC noradrenergic REM-OFF neurons continued firing, the cellular mechanism 

of sleep wake state deperic1£mt changes on the LC neuronal firing from highly active state 

during wah..fulness to slowing down during NREM sleep and finally cessation of firing 

during REM sleep was not krlown. Mallick's group proposed that the wakefulness inducing 

area the midbrain reticuiar formation (MR.F) possibly exerted opposite influence on REM

OFF and REM-ON neurons and hypvthesized that MRF would excite REM-OFF and 

inhibit REM-ON neurons during wakefulness. In a combined single unit recording and 

MRF stimulation study carried out' in freely moving norma11y behaving cats, it was 

, observed whose firing rate increased during spontaneous wakefulness, including the REM

: OFF neurons, were excited, while the REM-ON neurons were inhibited by the MRF 

wakefulness inducing area. These results suppotied hypothesis and suggested thc'.t the wake 

active neurons and MRF continuously excite the NA-ergic REM-OFF neurons in the LC 

· and inhibit the REM-ON neurons !hrough out the waking period. This view may also be 

suppor~ed any the fact the activation ofthe REM-OFF neurons is reported to prevent REM 
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sleep and is likely to increase the level of NA in the brain causing cortical activation and 

desynchronization of EEG. Therefore, it is likely that continuous activation of 

noradrenergic REM-OFF neurons contributes to EEG desynchronization associated with 

wakefulness but not with that of REM sleep. This view may be supported by the power 

spectrum analysis study in the freely moving cats that's the adrenergic and cholinergic 

antagonist affected different higher frequency bands of the desynchronized EEG. 

Additionally, as mentioned above, MRF wakefulness inducing area inhibited the REM-ON 
I 

neurons and this may be the cause for non activation of REM-ON neurons during waking 

period. It may be suppo:i:ed by the fact that activation of area containing REM-ON neurons 

increases REM sleep. 

The perifomical (PeF) area in the posterior lateral hypothalamus has been 

implicated in regulation of sleep-wakefulness (Hagan et al., 1999; Siegel, 2004) by giving 

its projection to the wake promoting area. Electrical stimulation of the PeF area evokes 

locomotor activity and electroencephalogram (EEG) activation as well as autonomic effects 

such as higher blood pressure and heart rate (Krolicki et al., 1985). Most of the .c.eurons 

within the PeF area Increase their firing rate during wakefulness and decrease their activity 

during slow-wave sleep (Koyama et al., 2003; Lee et al., 2005). Orexin excite dorsal raphe, 

locus coeruleus, tuberomammillary and hasal forebrain cholinergic neurons by activating 

postsynaptic receptors in these regions (Hagan et al., 1999; Eggermann et al., 2001 ). LC 

·posses the d·~nsest concentration of OXR1 (Peyron 1998). ). Activation of neurons in and 

. around the PeF including those of orexin neurons contribute to the promotion of arousal 

:and suppression of non-REM and REM sleep (Alam et al., 2008). 

Dorsal Raphe (DR) and REM sleep: 

The_ dorsal raphe (DR) is located in the midbrain and pontine central gray. It has 

serotonergic, peptidergic, (Cholecystokinin and neuropeptide Y) and dopaminergic 

neurons. (Monti 2000). DR has reciprocal connection with cerebral cortex , limbic system, 

basal forebrain, hypothalamus, raphe nuclei, LC, pontine reticular formation (Semba and 

Fibiger,l992) and LDT/PPT (Bockstaele et al., 1993; Losier and Semba, 1993; Iwakiri et 

al., 1993; Honda and Semba, 1994; Vt:rtes and Kocsis, 1994; Gonzalo-Ruiz et al., 1995; 
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Peyron et al., 1998; Monti,2000).The activity of DR neurons is highest during wakefulness, 
'\ 

diminishes during NREM sleep and completely cease during REM sleep (McGinty and 

Harp~r,l976; Trulson and Jacobs,l979).The seretonergic neurons in DR are REM-OFF 

neurons. The DR along with medial raphe sends heaviest seretonergic projections to REM 

sleep induction zone in pontine reticular formation (Semba, 1993).Seretonin has also been 

shown to inhibitory effect on cholinergic neurons (Strecker et al., 1994; Amici et a!., 

2004;). 

Tuberomammilary nucleus (TMN) and REM sleep: 

The tuberomammilary nucleus (TMN) in the posterior lateral hypothalamus is the sole 

source of histamine in the brain (Lin et a!., 1988; Saper, 2000). The histaminergic neurons 

are clustered in two main groups; one is situated ventrolaterally along the edge of brain and 

other dorsclaterally along the edge of the marrunilary of the third ventricle (Sa:Jer, 2000). 

Histaminergic neurons are exclusively localized in the TMN (Watanable eta!., 1984), and 

projects to practically all brain regions, with especially dense innervations in the 

hypothalamus, basal forebrain and amygdala (Panula and Costa 1984, Takeda et al., 1984). 

TMN has robust projection to the DR and LC (Lee et al., 2005). The firing rate of 

· histaminergic neurons vary across the sleep/wake cycle. These neu::ons fire maximally 

durbg wakefulness slow doWn during NREM sleep and cease their firing during REM 

sleep (Sherin et a!., 1996). Histamint:rgic neurons cease their firing during cataplexic 

episode (John et al., 2004). 

Role of Hypothalamus, Hypocretin/Orexin in REM sleep: 

Von Economo (1930) believed that the posterior hypothalamus contained a "wake centre". 

The hypocretin-producing cell bodies are specific to the hypothalanms and have 

widespread anatomical projections within the central nervous system of the rat with the 

densest extra-hypothalamic projection to the noradrenergic Locus Coeruleus (LC) and 

lesser projections to the basal ganglia, thalamic regions, the medullary reticular formation 

,and the nucleus of solitary tract. There are minor projections to the cortical regions,central 
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and anterior amygdala nuclei, and olfactory bulb (de Lecea et a!., 1996, Mignot, 2000, 

Peyrou et a!., 1998). Orexin producing neurons ,localized in the lateral hypothalamic area 

(LHA), send projections .to all over the brain region except the cerebellum. Especially the 

orexinergic fibers are found in monoaminergic and cholinergic nuclei in the brain stem 

region (Marcus et a/.,2001).0rexins are a pair of excitatory neurotransmitter acts on their 

receptor (ORXR-1 and ORXR-2), present in brain and modulate sleep anci wakefulness 

(Peyron eta!., 1998).0rexin has been reported to incrce.se wakefulness (Hagan eta!., 1999). 

The Orexin/Hypo~retin system: 

In 1996, Gautvik, de Lecea, and colleagues reported the discovery of several genes in the 

rat brain, including one they dubbed "clone 35." Their work showed that clone 35 

expression was limited to the lateral hypothalamus (de Lecea L, et. a!. 1996).They 

discovered a hypothalamic-specific mRNA by using substractive RNA h)rbridizaton 

technique that encodes a substance they named preprohypocretin,the precursor of two 

neuropeptide named hypocretin-1 and hypocretin-2 Luis de Lecea, Thomas Kilduff, and 

colleagues reported discovery of these peptides, termed them hypocretins to indicate that 

they are synthesized in the hypothalamus and to reflect their structural similarity to the 

hormone secretin (i.e., hypothalamic secretin). They mapped the location of the peptides 

and concluded that they were restricted to neuronal cell bodies in the hypothalamus,both 

peptides are·found in same neuron (de Lecea L, et. a!. 1996, 1998). Masashi Yanagisawa 

and colleagues at the University of Texas Southwestern Medical Center at Dallas, found t 

two peptides in hypothalamic extracts orexin-A and orexin-B while they were looking for 

ligands for a number of orphan receptors and coined the term orexin after adminstration of 

these peptide ito rat lateral ventricle arid found that eating was increased and because of this 

they named "orexins," from the Greek word ior apetite (appetite-stimulating) activity of 

these hormones (Y anagisawa M, et a!., 1998). 
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Structure of Orexin/Hypocretin: 

The human preproorexin gene is located on chromosomei7q2I and is composed of 6I6 

nuclt!otides contained in 2 exons and 1 intron. The first exon contains the initial part of the 

secretory signal sequence, with the somewhat smal!er second exon containing the rest of 

. the signal sequence as well as the coding region of orexin (Sakurai T, I 999). A 3.2-kb 

promoter region directs expression specifically to the lateral hypothalamus. The orexin 
l 

prohonnone is proteolytically cleaved into 2 peptides, orexin A and orexin B, which are 

coexpressed in neurons of the LH/PFA. Orexin A is comprised of 33 amino acids and is 

highly conserved across mammalian species (Sakurai T, I 998). The 28-residue. orexin B 

peptide is identical in the rat and the mouse, with human orexin B displaying 2 amino acid 

substitutions (Sakurai T, I 998 and Sakurui T, I 999). Two orexin receptors, designated 

OXIR and OX2R, have been identified (Sakurai T, 1998).Both are G protein-coupled 

receptors and have significant homology at the transcript level.OXlR signals via activation 

of phospholipase C (PLC) 'and increases intracellular Ca2
+. In contrast, OX2R ~ouples to 

Gq and Gi/o, and the activation of the OX2R results in increased PLC and decreased 

adenylyl cyclase activity (Zhu Y., 2003). Both orexins A and B have affinities of 

approximately 30 nM for the OX2R. The 2 orexin receptors differ critically in that orexin A 

also binds the OXIR at apprmdmately 30 nM, whereas orexin B has a very low affinity 

(approximately 420 nM) at the OXlR (Sak~ai T, 1998). 
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Fig: 3. Taken from- Physiological Review, Roles of orexin!hypocretin in regulation of 

sleep/wakefulness and energy homeostasis (Sakurai T., Sleep Medicine Review, 2005 9, 

231-241). 

The overview of the orexin system: (A) sequence (In figure 3) of mature orexin-A and -B 

peptides. The topology of the two intra•:hain disulfide bonds in orexin-A ~s indicated above 

the sequence. Shadow indicates amino acirl ide1tities.Mammalian orexin-A sequences thus 

far identified (human, rat, mouse, pig, dog, sheep, cow) are all identical. (B) Schematic 

representation of the orexin system. Orexin-A and ·Bare derived from a common precursor 

peptide, prepro-orexin. The actions of orexin:: are mediated via two G protein-coupled 

receptors named orexin-1 (OXlR) andorexin-: (OX2R) receptors. OXIR is selective fvr 

orexin-A, whereas OX2R is a non-selective receptor for both orexin-A and orexin-B. 

OXlR is coupled exclusively to the Gq st>bclass of heterotrimeric G proteins, whereas 

OX2R may covple to Gi/o, and/or Gq. 
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Anatomical organization of Orexin/hypo,cretin: 

Neurons expressing preproorexin m.RNA are restricted to the LH/PF A. 

Immunohistochemical studies indicate that orexins are expressed in only about 70,000 cells 

in humans (Thannical et al., 2000), with about 3000 orexin neurons in the rat {de Lecea L, 

et. a/.2006). Despite the small number of orexin cells, orexin axons are found in almost all 

areas of brain, a notable exception being the cetebellar cortex. The widespread distribution 
I 

of orexin axons can be attributed to the fact that single orexin neurons often collateralize to 

innervate multiple targets (Berridge et a/.,2005). Although orexin axons are found in most 

of the brain, the relative density of orexin fibers varies considerably, with particularly high 

densities seen in the LC,·paraventricular nucleltS of the thalamus, septum and diagonal band 

complex, and the infralirrtbic and pre:limbic aspects of the prefrontal cortex. (Peyron et 

a!., 1998 ). Orexin receptors are distribut.~d in a pattern consistent with orexin 

projec~ions.mRNAs for ORXIR and ORX2R are differentially expressed throughout the 

brain (Marcus et al., 2001). ORXIR rnRNA is enriched in neurons of the hypothalamus, 

thalamus, locus coeruleus, cerebral cortex, hippocampal formation, and basal ganglia 

(Harrison et a/.,200!) with the distribution of OXIR-binding sites and immunoreactiv:ty 

paralleling the distribution of OXlR mRt~A. OX2R mRNA is enriched in the pons, 

medulla oblongata, hypothalamus, and thalamus (Trivedi et a!., 1998) with highest 

distribution in TMN neurons (Mar~us eta!., 2001). 
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Fig: 4. Schematic drawing of saggital section through the rat brain, summarizing the 

organization c{ the orexin neuronal system, Orexin neurons giving their projection to the 

different neurons. 

Taken form: Physiological Review. Rcles of orexinlhypocretin in regulation of 

sleep/wakefuln~ss and energy homeostasis (Sakurai T., Sleep Medicine Review, 2005 9, 

231-241). 

Hypothalamic OXlR distribution: 

Low level of mRNA expression is present in the preoptic nuclei, with more moderate levels 

in the medial preoptic nucleus. Robust expression is seen in the anterior hypothalamic 

nucleus and the dorsomedial portion of the VMH. Moderate levels of OXIR mRNA. are 

seen in the dorsal hypothalamus, ventrnl premammillary nucleus, posterior hypohalamus, 

and supramammillary nucleus. Diffuse expression is present in the LHA and the expression 

is absent in paraventricular, arcuate, suprachiasmatic, and tuberomammilary nuclei. 

(Marcus J, 2006). 

20 



Hypothalamic OX2R Distribution: 

Tuberomanunilary nucleus (TMN) contains the most densest OX2R' expression in the 

hypothalamus.Supramammilary nucleus,and posterior hypothalamus express OX2R 

mRNA. OX2R mRNA is less robust than OXlR mRNA in the ventromedial nucleus anci 
1 

dorsai hypothalamus. Arcuate, dor3omedial, parvocellular paraventricular, medial 

mammillary, lateral mammillary nuclei also contain mRNA expression for OX2R.Diffuse 

OX2R mRNA is also present in the lateral hypothalamic area (Marcus J, 2006). 

Forebrain OXlR distribution: 

In cortical regions, OXIR mRNA is prominent in layer 5 and 6 of the cingulate,infralimbic, 

and prefrontal cortices, with less present in layer2. With in the basal fore brain,OXIR 

mRNA can be seen in nucleus of diagonal band.In hippocampus , OXIR mRNA is 

primarily located in the dentate gyrus, and in the CAl and CA2 region of Ammc~n'a horn. 

In the thalamus, the paraventricular nudeus contains robust expression of OXIR mRNA, 

where as low level of expression are seen in other midline thalamic nuclei (Marcus J, 

2006). 

Forebrair. OX2R distribution: 

mRNA for OX2R are expressed at moderate levels in brain are the bed nucleus of tha stria 

terminalis and within the cortical nucleus of the amygdala. The basal forebrain contains 

robust OX2R mRNA expresion in the medial septal nucleus and both the vertical and 

horizontal limbs of the nucleus of the diagonal band In the hippocampus, OX2R mRNA is 

seen in the CA3 region of Amman's hom .In addition to other midline thalamic nuclei the 
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rhomboid an.d paraventricular thalamic nuclei contain small amount of OX2R mRNA 

expression in thalamus (Marcus J, 2006). 

Midbrain,Pons, and Medulla OXlR mRNA: 

Locus coemle:us and AS cell group most robustly expressed mRNA for OXlR .The A4 and 

A7 noradrenergic cell group are also contain high levels ofOXlR mRNA expression. More 
) 

moderate levels of mRNA expression are seen in the ventral tegmental area, the substantia 

nigra, periaqueductal gray, and zona incerta. The PPT and LDT nuclei both express OXlR 

mRNA. The raphe nuclei, inclcding th~ DR, medial raphe, and raphe obscurus have 

moderate levels ofOXlR mRNA expression.In the hind brain, there is moderate expression 

of OXlR mRNA in the dorsal motor nucleus of the vagus,the nucleus of the solitary tract, 

and the reticular formation, extending to possible Al/Cl neurons in the ventrolateral 

medulla (Marcus J, 2006). 

Midbrain, Pons, and Medulla OX2R mRNA: 

Caudal to hypothalamus, OX2R mRNA is also expressed in a wide variety of brain regions. 

Low levels of diffuse mRNA expression are present in the nucleus of solitary tract, nucleus 

ambiguous, and parabrachial nucleus. Pontine gray, dorsal and medial raphe nuclei, dorsal 

motor nucleus of vagus, spinal trigemi>J.al nucleus, hypoglossal nucleus, and facial motor 

nucleus has robust expression of mRNA for OX2R. OX2R mRNA is present in sensory 

nuclei such as the principal trigeminal sensory nucleus.The midbrain reticular formation 

and the lateral reticular formation also 'have moderate levels of OX2R mRNA expression. 

(Marcus J, 2006). 
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Hypocretin/Orexin in sleep and wakefulness: 

The state of wakefulness depends upon interaction between different groups of neurons. 

Ascending input from brainstem monoaminergic (Serotonergic, noradrenergic, adrenergic, 

histaminergic, and dopaminergic) neurons are generally thought to promote \ vakefulness, 

. alertness and desyuchronized activity in the cerebral cortex, as reflected in the form of 

EEG. Monoahlinergic n~urons show their highest rate of firing during wakefulness and 
' 

inhibit the 'REM-on' neurons in the LDT and PPT. These LDT and PPT cholinergic 

neurons are responsible to maintain REM sleep thus are also known to be 'REM-on' 

neurons. Orexinergic neurons in the Pef promote waking and suppress non-REM /REM 

sleep (Sakurai, 2007 and Siegel J, 2004) through interaction between different groups of 

neurons. Orexinergic neurons are most active during waking and are quiescent during non

REM/REM sl.eep (Yanagisawa, 2001, Jones 2005 and Siegel 2005). Since mRNA 

expression for both OXIR and OX2R vary across the different brain region, LC shows 

abundantly mRNA expression for OX1R (Harrison et a!., 2001) and TMN ror OX2R 

(Marcus et a!., 2001) Hypocretin/arexin is excitatory neurotransmitter and gives the 

excitatory projection to different group of neurons like: noradrenergic LC neurons (Bourgin 

et a/.,2000, Hagan et at., 1999, Horvath eta/., 1999, Ivanov and Aston-Jones 2000,van den 
' 

Pol et a/.,2002), serotonergic DR (Liu et a/.,2002), histaminergic TMN (Bayer et a/.,200 1) 

, and cholinergic basal fore brain nuclei (Eggemtann et al.,2003).These orexinergic neurons 

also gives the excitatory projection to thalemic nuclei (Bayer et at 2002) and all these 

neurons are responsible to cortical desynchronization thus orexinlhypocretin promotes 

wakefulness. Further the glutamic acid stirnula~ion of the perifornical-lateral hypothalamic 

area promotes arousal and inhibits non-REM/REM sleep (Mallick eta!., 2008); 

Orexin/Hypocretin in Narcolepsy: 

Narcolepsy is characterized . by exces:;ive day time somnolence, disturbance in sleep 

architecture and cataplexy (Scamme!l T E, 2003, and Siegel J M, 2004), rapid-onset REM 

sleep episodes and hypnagogic hallucinations (Aldrich, 1991 ). Narcolepsy is 

neurodegenerative disorder and caused by loss of neurons containing the neuropeptide 
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orexin!hypo cretin (Peyron et al., 2000; Thunnickal et al., 2000). Along with the neuronal 

loss, pati•.mts with narcolepsy have low to negligible levels of Orexin-A in the cerebrospinal 

fluid (Nishino et al., 2001).Two other peptides, dynorphin and pentraxin (Neuronal activity 

-reiated peptide) colocalize with orexin are also absent in human post mortem tissue 

(Blouin et al., 2005; Crocker et a/., 2005), indicating death in the orexinergic neurons 

rather than reduction of peptide. Targeted deletion of prepro-orexin gene in mice shows 

·behavioral similarity that of human narcolepsy (Chemelli et al., I999), the orexinergic 

neurons is destroyed iri narcolepsy (Geraschenko et a!., 2001; Hara et a!., 200 I; 

Beuckmann eta!., 2004), and null mutation in OX2R were found in familial narcoleptic 

dog stated that narcolepsy is the result of mutation in OX2R (Lin eta!., 1999). 

Orexin/Hypocretin in feeding behavior: 

The orexin m pcrifomical (PeP) area in the posterior lateral hypothalamus has been 

implicated in several physiological functions including the regulation of food intake, energy 

homeostasis, locomotor activity and regulation of sleep-wakefulness (Hagan et a!., 1999; 

Siegel, 2004). Microinjection of orexin!Hypocretin neuropeptide into rat lateral ventricle 

increases feeding behavior. (Sakurai 1998). Administration of orexin by i.e. v. injection 

induced a significant increase of food intake and locomotor activity, whereas i.p. injection 

of glucose or i.c.v. injection of anti-orexin serum decreased food consumption. These 

results indicate that the orexin functions as f-eeding behavior in gold fish (Sakurai, 2006). 

The effects of mammalian orexin 1 and 2 on feeding in goldfish have been studied. 

Analysis of feeding has been performed following i.c.v. injection of the peptides directly 

into the third ventricle of anaesthetized fish either by analyzing feeding acts (Volkoff 

1999) or by measuring food consumption per bocy weight (Volkoff 1999). In these assays, 

orexin I was more effective than hcrt 2. In ornate wrasse Thalassoma pavo intraperitoneal 

mammalian orexin I also significantly increa~es locomotion and feeding (Facciolo 2009). 

Fasting has also significant effects on brain hcrt P-Xpression in both zebrafish and goldfish: 

proionged fasting significantly increases brain hcrt mRNA in both goldfish (Nakamachi et 

a!. 2006) and zebrafish (Novak et al. 2005 Hypothalamic orexin plays an important role in 

glucose homeostasis ir. rat (Kalsbeek, 2009). Hypothalamic orexin stimulates feeding-
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associated glucose utilization in skeletal muscle via sympathetic nervous system (Shiuchi, 

2009). 

Hypothesis regarding generation of RK\1 sleep: 

Monoaminergic theory: 

Proposed by Jouvet; this hypothesis stated that REM sleep is primed by serotonergic 

neurons which act upon cholinergic 'relay' which in turn triggers 'REM executive' neurons 

in LC region. This theory was put in doubt by the finding of other workers that selective 

lesioning of LC noradrenergic neurons did not disrupt REM sleep (Henley and Morrison, 

1974; Jones eta!., 1977). 

Reciprocal interaction theory: 

Proposed by Hobson and colleagues (Hobson et al., 1975). According to this theory the 

REM-off neurons in LC are inhibitory to R5M-On neuronal populations and also to 

themselves where as REM-ON neurons are excitatory to the REM·OFF neurons of LC and 

also to themselves. It also· stated that inactivation of putative monoaminergic REM-OFF 

neurons plays a critical role in the generation and maintenance of REM sleep. This theory 

fails to explain the me~hanism of activation of REM-ON neurons. 

Mutual inbtibitory theory: 

Proposed by Sakai (Sakai 1988). According to this hypothesis cessation of firing of the 

REM-OFF neurons excites the REM-ON neurons by disinhibition while the excitation of 

the REM-ON neurons inhibit the REM-OFF neurons.Therefore,REM sleep can appear 

either by excitation of the REM-ON neurons or by inhibition of the REM-OFF neurons. 

This hypotlwsis stated that for the generation of REM sleep, cholinergic neurons directly 

inhibit NA-ergic REM-OFF neurons. Kociama and co-workers in 1990 shown that ACh 
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increased around LC during spontaneous RRM sleep .Also microinjection of ACh agonist 

into LC increased REM sleep (Baghdoyan et al., 1984). But Ach did not hyperpolarize LC 

neurons (Egan and North, 1986). Based Oll the above findings that ACh may be an 

initiating factor in inhibition of REM-OFF neurons, but the actual inhibition of REM-OFF 

neurons in LC might be induced by an inhibitory neurotransmitter mechanism for the 

regulation of REM sleep (Ali, 1999). 

GABA-ergic interneuron based model: 

Proposed by Mallick et a/., 1998. According to thi~ model the cholinergic input from 

REM-ON neurons excite the GABA-ergic interneuron in an around LC, which inturn 

inhibit the NA-ergic LC neurons facilitating the generation of REM sleep. It was mentioned 

earlier that the REM-OFF neurons in the LC must stop firing during REM sleep but on the 

other hand, the cholinergic REM-ON ne'.lron~ simultaneously increased firing during REM 

sleep (Hobson et a/., 1975., Mallick et a/.. 1998). Acetylcholine increased. around LC. 

during REM sleep (Kodama, 1990) and microinjection of acetylcholine agonist in LC 

increased REM sleep(Beghc!oyan et a/., 1984; Vanni-Mercier et a/,.1989; Quattrochi e.t 

a/.,1998).Sinee ACh did not hyperpolarize the LC neurons (Egan and North, 1986), it was 

proposed by Mallick and group (Ali, 1999) that Ach m~ght trigger the action , the actual 

inhibition CJf REM-OFF neurons in LC could be induced by an inhibitory neurotransmitter 

leading to th(: generation and regulation of REM sleep. A GABA-ergic interneuron based 

model is shown as in fig 5. 
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Fig: 5. Showing Possible interaction between REM-ON and REM-OFF neuron 

(Taken from Mallick et a/., 2002) 
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Lacumie 

1. The PeF area contain3 several cel1 types including those expressing hypocretins 

(also known as orexins), mel.anin-concentrating C.ormone, y-aminobutyric acid 

(GABA) and glutamate (Broberger et al., 1998; de Lecea et al., 1998; Peyron et al., 

1998; Sakurai et al., 1998). Role o ~ orexinergic neuron in Pef in LC mediate~ 

regulation of Sleep and wakefulness is not clear. 

2. Orex:"tnergic neurons excite dorsal raphe, locus coeruleus, tuberomammillary and 

basal forebrain cholinergic neurons by activating postsynaptic receptors in these 

regions (Hagan et al., ·1999; Bourgin et al., 2000; Ivanov & Aston-jones, 2000; 

Egge1mann et a1., 2001; Eriksson et al., 2004) It was not known whether orexinergic 

neurons directly projects LC and excite through orexin receptor 1. 
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Obj' ctives 

1. To study the effect of glutamate rnicroinjection in Pef on sleep wakefulness in 

chronic preparation of rats (freely moving nonnally behaving). 

2. To study role of locus coeruleus Orexinergic receptor! in regulation of sleep 

wakefulness through PeF orexinergic neurons. 
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Materials and methods 

Animals: 

We used seven inbred male Wistar rats (250-300 g) which were maintained on 12:12 

light: dark cycle (Lights on at 7:30 am and off at 7:30 pm) at controlled temperature 

(25±1 °C) that had freely access to food and ·Nater. Animals for experiment were taken from 

University Animal House Facility. All experimental procedures involving animals were 

conducted with the approval of lnstitational Ethics Committee. Our full efforts were made 

to minimize animal suffering and tl:e: number of animals used. 

Stereotaxic surgery: 

Rats (250-300 g) were surgically implan .ed with EEG, EOG, and EMG electrodes for 

bipolar recording of sleep-wakefulness and two guide cannulae in Pef (Perifomical-lateral 

hypothalamic area) and LC (Locus Coeruleus) for oilateral mi~roinjections under surgical 

gas anesthesia (Iso-fluorarie). In brief, for bipolar EEG two stainless steel screw electrodes 
"'· ..... _ . 

were fixed nn the skull (2 ·· inm anterior and 4 mm lateral to bregma). Another screw 

electrode wa:i fixed on the midline over the frontal sinus which was taken as animal ground. 

For EMG a pair of flexible, stainless steel insulated wire (except at the tip) was inserted 

bilaterally in to the dorsal q.eck muscle, while for EOG recording another pair of wires were 

connected to external canthus of eyes. A pair of guicl.e cannulae (22G stainless steel tube) 

with blocker were implanted targeting Pdbihterally (AP= -3.14, L= 1.4, H= 8.4), another 

pair of guide cannula (22G stainless steel tube) with blocker were implanted targeting LC 

bilaterally (AP= -9.68, V= 1.3, H= 7.3), in such a way so that their tips remained 2 mm 

above the target area (Paxinos and \Vatson, 1997). The recording electrodes including 
,. 

ground were connected to nine pin female plugs, and fixed onto the skull using dental 

acrylic, along with guide cannula. 

Brain atla:s: 

The atlas by Paxinos and Watson (1997) was used in this study. It is based on flat skull 

position of the rat in the stereotaxic apparatus. The flat skull position was achieved by 

lowerir.g the incisor bar 3.3±0.4 mm below horizontal zero. The atlas refers to bregma and 
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interaural line as reference points. Bregma is defined as the point of intersection of the 

sagittal suture with the curve of the best fit along the coronal suture. When the both sides of 

the coronal suture meet at the ~agittal suture at different points, bregma usually fall midway 

between the two junctions. Another reference point is lambda, and is defined as the mid 

point of the curve of best fit along the lamboid suture. Lamboid is located 0.3±0.3 mm 

anterior to the interauralline. The top of tlte skull at the bregma and lambda is 10.0+0.2 

mm dorsal to interaural zero plane. 
l 

In this study, stereotaxic .instrument manufactured by INCO (Me; INCO PVT LTD, 

Ambala, India). 

290 g Male Wistar 

mm 

lnter.aural Lin.; 

Fig: 6. Dorsal and ventral view qf skull (290g) of a male Wistar rat . The positions of 
~oronal suture, sagittal suture, lamboia; suture,Bregma,Lambda and plane of inter aural 
line are shown. The reference position in this study was taken from bregmc. 
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Polygraph: 

Grass Polygraph Model 7H ut>ed in this t>tudy. of electrophysiological signals. 

Electrodes:: 

I. l~EG electl'odes: Radio wires were soldered to small stainless steel EFG 

~:crews. These electrodes were then screwed on the animal skull. For EEG 

recording th~ frequency had filter setting on the polygraph was set at 1 Hz (Low 

cut off) and 1 00 Hz (high cttt off) and the 50 Hz filter was recorded between I

I 00 Hz with 50 Hz filter out. 

II. EOG electrodes: Radio wires were stripped on one end and a wire loop was 

made from the exposed surface. The loop ends of the wire were soldered and 

were connected to the external canthus muscle of the eye of the animal. EOG 

was recorded between 1·-30 Hz (Low and high) with 50 Hz filter in use. 

III. EMG electrodes: Radio wires were stripped on one end and a wi;·e loop was 

made from the exposed surface. Th~ loop ends of the wire were soldered. The 

wire was passed through a hypodermic needle (20 G) with the loop end inside 

the dermis and connected to the dorsal neck muscle. EMG was recorded 

between I (Low cut off) and I 00 Hz (high cut off) with 50 Hz filter in. 

Guid.~ cannula: 

Two 22 Gauge stainless steel cannula (22 mm) were soldered parallel to a lateral 

distance of 2.8 mm for Pef and 2.6 mm for LC. The cannula of desired lengt~ was made by 

cutting 22 Gauge hypodermic needles. BJcckers were made. from stainless steel wire of 28 

Gauge. 

Injector cannula: 

28 Gauge stainless steel cannula (24 mm), was fitted with polyethylene (PE 20, Plastics 

One Inc., USA) tubing at one end. The tubing was connected to Hamilton syringe for· 

microinjection manually. The cannula end was inserted into the animal brain paE:sing 

through guide cannula. 
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Fig: 7. Showing Guide Cannula targeting Pef and LC 

Post operative care and habituation; 

Operated rats were kept for 7 days with post 1)perative care to recover from surgical trauma. 

After four days of recovery rats were acclimatized to the recording ctamber. 
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Post oper~ttive care includes: 

1. Intramuscular injection of gentamycin (antibiotic) for 5 d2.ys from the day of surgery 

[(2.5 mg/kg body wt) (Deboer et al., 1998)]. 

2. Intramuscular injection of dexamethasone (anti-inflammatory) for 3 days from the day of 

.surgery [(2 mg~kg body wt) (http:// ratguide.com/meds/)j. 

3.1 ml of sterile, dextrose normal saline was given intraperitoneally. , 
4: Daily cleaning with bet.adine (antimicrobial) solution till the wound healed. 

5. Nebasulf powder (antimicrobial) was applied till the wound healed. 

Recording and microinjectlon: 

Recordings were taken on light phase fer 8 h between 9:00 am and 7:00 pm with or 

without microinjection in Pef as well as in LC. EEG, EMG and EOG recording were taken 

on Grass Polygraph Model 7H. Baseline recording for sleep-wakefullness was taken on the 

first day without any microinjection. After fi.rst day onwards, rats were microinjected with 

either saline or drug. On the second day 200 nl of saline was microinjected bilaterally into 

the Pef as well as in LC. On the third day 200 nl of saline was microinjected bilaterally into 

the LC and 200 nl saline containing 40 ng glutamate in Pef. On the fourth day of recording 

200 nl of saline containing (0.3561.J.g/rrtt) orexin-1 receptor antagonist (SB-408124) was 

microinjected bilaterally into the LC, half an hour before microinjeetion of 200 nl saline 

containing 40 ng glutamate in Pef. After microinjection receding were continued for 8 h. 

Data analysis: 

After data acquisition, the records were manually scored in 1 0 sec epochs and scored in 

term of waking that included both active waking and quiet waking, non-REM sleep that 

included both slow wave sleep-1 and slow wave sleep-2 and REM sleep. The percentage of 

waking, non-REM and REM sleep, were calcula~~d for each animal during baseline, saline, 

glutamate and glutamate and orexin-1 ~eceptor antagonist (SB-408124). Each parameter 

during all four conditions was statistically compaed using one way RMANOV A (Repeated 

measure analysis of variance) followed by pair wise multiple comparison test. 
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Confirmation of microinjection site: 

Perfusion: 

- After all the recordings were completed, rats were anaesthetized with high dose of 

anesthesia Ketamine 80 mglkg body wt and Xylazine 10 mg/kg body wt (Paul et al., 1997) 

in combination and 200 nL of 2% pontamine sky blue dye (also known as Chicago blue 

dissolved in 0.5 M Sodium acetate) was injected manually. After that rats were perfused 
' intracardially. During perfusion the thoracic <;avity was opened to expose the heart. Flexible 

polyethylene tubing connected to a reservoir containing 0.1 M sodium phospha~e buffer 

saline (PBS, pH=7.4) was introduced into the left ventricle and a cut was made on the right 

auricle. PBS 100 ml entering was followed by 100 ml of 4% paraformalciehyde. After the 

completion of perfusion; cranium was removed and brain was taken out cardully. The 

brain was kept in 4% paraformaldehyde at least for 24 hrs for fixation and after that 

transferred to 10% sucrose solution prepared in 0.1 M Phosphate buffer. After the brain 

sample in I 0% sucrose sol~tion, it was transferred to 30% sucrose solution prepared in 0.1 

M Phosphate buffer. 

Sectioning: 

Using Leica Cryostat, 40 J.mi sections for LC and 40 ~m sections for Pef was cut. The 

temperature of chuck holder (holding the brain) was maintained at -15 oc and the 

temperature of the blade and cr;ostat chamber was maintained at -30 °C. Area of interest 

was directly taken on slide (prepared in subbing solution) for neutral red staining and in 

PBS for immunbstaining. 

Neutral red staining: 

The sections were allowed to dry and stick properly onto the glass slides for 2-3 days. 

Thereafter, the staining was done as follows: 

1. The glass slides with sections were rinsed in distilled water. 

u. Slides kept in neutral red stai;'l for 5-1 0 minutes. 

111. The sections were dehydrated in as,;ending alcohol grades (30%, 50%, 70%, 

90% and I 00%) and cleared in xylene. 

IV. Mounted in DPX. 
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Subbing solution: 

The coating of glass slides with gelatin is called subbing. 

Composition of subbing solution: 

Gelatin 

Distilled water 

Chrome alum 

• 1 g 

•1200 ml 

• 0.1 g (Chromic po~assium sulphate) 

The above compounds were mixed and heated at 60 °C under continuous stirring, till the 

solutes dissolved completely. Glass slides were dipped into subbing solution and then left 

over night for drying. 
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RESULT 

We used total nine rats for this study, in which only five rats received the treatment at the 

desired targets i.e LC and Pef, and so, only five animals data w~re used for analysis. 

Among four rats which were off-targeted for the desired site, two rats didn't get the 

confined location for LC and the other two were not targeted by Pef. 

Effect of glutamate in Pef on sleep and wak\!fulne3s: 

Signiticant reduction in REM sleep perc,!ntage [Mean± SEM (5.1 ± 0.2)] was observed, as 

compared to baseline (7.6 ± 0.5)] and saline rnicroinjection (7.5 ± 0.6) which were taken as 

control. Also, significant decrease in SV/S2 percentage (14.9 ± 1.0) was observed as 

compared to saline microinjection (18.5 ± 1.1). AW, QW and SWSl were not significantly 

affected, but total waking percentage (A W -r QW) was significantly increased as compared 

to saline (38.1 ± 2.8). Significant decrease were also observed in total NREM sleep (SWSI 

+ SWS2) af~er glutamate microinjection in Pef (45.4 ± 1.5) as compared to saline (54.3 ± 

3. 1). 

Although significant · decrease in REM sleep duration(s)/ hr in glutamate 

microinjection in Pef (187.0 '± 8.8) was observed as compared to saline (270.2 ± 24.8) and 

baseline (277.5 ± 18.5), but decrease in REM sleep frequency was insignificant. 

In the other two rats the administrations were off target and hence, no significant 

difference was observed compare to controls. 

Effects of orexin receptorl (OXRl) antagonist (SB-408124) into LC and simlllltaneous 

glutamate microinjection in Pef: 

No significant differences were observ(:d when five stages viz. AW, QW, SWSI, SWS2 

and REM sleep were analyzed separate!y among different drug treatment (n=5). But total 

waking percentage (A W+QW) was tovnd to be significantly increased in glutamate 

microinjec(on (49.2 ± 1.4) as compared to glutamate injection in Pefand OXRl antagonist 

·.n LC (35.6 ± 4.0) and there were no difference observ~d among saline (38. I ± 2.8) and 

37 



baseline (40.1 ± 3.8) waking percentage. Although there was significant decrease in NREM 

sleep (SWSl + SWS2) also observed in glutamate microinjection (45.4 ± 1.5) as compared 

to glutamate microinjection in Pef and OXRl antagonist (57.0 ± 4.2) in LC. 

Tht:: difference in decrease in REM sleep durationlhr and REM sleep frequency in 

antagonist treatment in LC with simultaneous glutamate microinjection in Pef was not 

· found to be significant when compared with glutamate microinjection in Pef. 

In those rats (n=4) in which, OXRl antagonist microinjection were not localized in 

LC the changes in REM sleep percer.tage was observed equals to the glutamate 

microinject:on in Pef. 
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Table -1 

MEAN(± SJB:M) PERCENT DURATION OF S-W-REM SLEEP STAGES 

S. No. GROUP AW QW SWl SW2 REM 
SLEEP 

1 BASELINE 22.6 ± 2.6 17.5± 2.4 33.7:1: 1.7 18.3± 2.4 7.6± 0.5 
2 SALINE l 18.5 ± 3.8 19.5± 1.8 35.8± 2.4 18.5 ± 1.1 7.5± 0.6 
3 SALINE+ 26.9± 3.2 22.2± 2.2 30.6± 1.5 14.9 ± 1.0 5.1 ± 0.2 

GLUTAMATE 
4 GLUTAMATE 17.3 ± 3.8 18.2 ± 2.8 39.5 ± 5.4 17.4 ± 2.4 7.36± 0.8 

+OXR1 
ANTAGONIST 

Tal•le -2 

MEAN(± SEM) PERCENT DURATION OF W-NREM-REM SLEEP STAGES 

S.No. GROUP WAKING NREM REM 
1 BASELINE 40.1± 3.8 52.0 ± 3.4 7.6 ± 0.5 -
2 SALINE 38.1 ± 2.8 54.3 ± 3.1 7.5 ± 0.6 
3 SALINE+ 49.2 :f~ 1.4 45.4 ± 1.5 5.1 ± 0.2 

r GLUTAMATE 
4 GLUTAMATE+ OX:R1 35.6 :l: 4.0 57.0 ± 4.2 7.3 ±0.8 

ANTAGONIST I 



table-3 

EFFECT OF MICRO INJECTION OF GLUTAMATE AND OXRl ANTAGONIST 

ON REM SLEEP FREQUENCY/1m AND REM SLEEP DURATION (MEAN± SEM) 

r=--_ 
S.No. GROUP REM SLEEP REM SLEEP 

FREQUENCY/HR DURATION/HR 

-
1 BASELINE 9.4±1.1 277.5 ± 18.5 

2 SALINE 9.4± 1.1 270.2 ± 24.8 
·-

3 SALINE+ GLUTAMATE 7.8 ± 0.7 187. 0 ± 8.8 
·-

4 GLUTAMATE+OXRl 10.1± 0.6 264.2 ± 29.2 
ANTAGONIST 
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*Note: 

B= Baseline 

S = Microinjection of saline. 

S + G = Microinjection of Glutamate dissolved in saline 

G +A* = Microinjection of Glutamate in Pef and Antagonist in LC dissolved in saline 

A*- Orexin receptorl antagonist 
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Discussion 

Various studies like transection and lesiNl studies were carried cut by different group of 

scientist to identify and define the mechanism of REM sleep, after the discovery of REM 

sleep by Aserinsky and Kleitman in 1953. Single unit recording study suggested that NA-

: ergic LC (REM-OFF) neuron in pons cease firing (Chu and Bloom, 1974; Aston-Jones and 

Bloom, 1981) while cholinergic LDT/PPT (REM-ON) increase their firing during REM 
t 

sleep. A reciprocal interaction between these REM-OFF and REM-ON neurons has been 

suggested for the generation of REM sleep (H0bson et al., 1975; Sakai, 1988). 

The interaction between these neurons takes place through vanous 

neurotransmitters, and plays a key role in REM sleep generation and maintenance. One of 

the key neurotransmitters in recent studies is orexin. The actions of orexins are mediated 

via two G protein couple receptor OXlR and CIX2R, and several studies have indicated that 

the effect of orexin is largely or partially med~ated by activation ·of the histaminergic H1R 

(Histamin1 receptor) in the downstream of OX2R in the TMN (Eriksson et al., 2001, 

Huang et al., 2001, Yamanaka et al., 2002, and Shigemoto et al., 2004) as OX2R mRNA is 

most abundantly expressed in TMN (Marcus et al., 2001) where as LC has densest 

concentration of OXRI (Peyron eta/., 1998). Orexinergic neurons directly projects to LC 

that can functionally regu.late REM-off neurons in LC. It has been already shown that 

glutamatergic neurons within Pef may be involved in the suppression of non-REM/REM 

sleep by activating or~xinergic neurons (Sakurai T, 2002.) and orexinergic neurons also co

localize with glutamate (Yanagisawa M, 2003). Further glutamic acid stimulation of Pef 

promotes arousal and inhibits non-REM/REM sleep (Mallick, 2008), and electrical 

stimulation of the Pef evokes locomotor activity and its lesion leads to hypersomnia 

Shiromani, 201)3. and Sinnamon, 1999) noreover, administration of orexin-1 in pontine 

reticular format[on (Pno) increases wakefulness (Watson, 2008). 

In our study of sleep wakefulness, we targeted the Pef and LC area for bilateral 

microinjection, in which Pef was chemically stimulated by glutamate and LC was blocked 

by OXRl antagonist. The recording in laboratory conditions reported decrease in total 

per~entage of REM sleep and increase in waking after glutamate microinjection. The 

significant decrease in REM sleep percentage found in rats with glutamate microinjection 
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in Pef and saline in LC, when compared to saline microinjection (both in LC and Pet) and 

baseline (having no any treatment) which were taken as a control. This is due to Pef 

stimulation which is responsible for wakefulP..css (Mallick et al., 2008) possibly by giving 

excitatory inputs to LC neurons. There w~s s; gnificant decrease in REM sleep durationlhr 

in glutamate treatment in Pef groups as comp.lted to control, but no significant changes in 

REM frequency were observed. Thus it may be stated that the decrease in REM sleep after 

glutamate microinjection in Pef may be due w the decrease in REM duration !hr. Along 
I 

with that a significant increase in waking was witnessed when both active wake and quite 

wake were clubbed, and simultaneous!y, a significant decrease in NREM-sleep 

(SWS1+SWS2) was observed after glutamat•! microinjection in Pef. Since REM sleep 

duration was affected, we can hypothesize that orexin is involved in maintenance of REM 

than of its occurrence. If each state was considered separately, effect was significant for 

only REM sleep. 

We fmther hypothesized that blocking LC through ail.tagonist of orexinergic 

receptor (OXRI) will reduce the moduletory effect of orexin (excitatory or i~ibitory) 

which will consequently should have an impact on normal sleep and wakefulness cycle of 

·rat. After OXRl antagonist rnicroirJection in LC and simultaneously, glutamate in Pef; 

effects of glutamate alone in Pef were modulated up to controls level. We observed that 

there was no significant difference for any stages of sleep and wakefulness, between both 

treatments (glutamate in Pef and antagonist in LC) compared to controls. A significant 

increase in wakefulness was obse!'Vcd in glutamate microinjection compared with 

glutamate in Pef and OXRl antagonist in LC microinjection. Simultaneously as compared 

to glutamate in Pef and OXRI antagonist microinjection, a significant decrease in NREM

sleep was also observed. There was no significant change in REM frequency observed as 

,~omparison to controls. But as compared to glutamate microinjection, an increase in 

1-equency was observed but that was not up to significant level. REM sleep duration/hr was 

.dso similar to that of controls but again as compared to glutamate microinjection, it was 

not statistically significant. This study shows Pef stimulation induced decrease in REM 

deep, there:ore Pef has role in LC mediated regulation of sleep wakefulness and need 

further elaborate study. 
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Among nine rats, five rats posses microinjection at specific site but in those animals 

(n=2) where microinjection site were: not confined within limit of LC structure, showed the 

similar result which were observed in glutamate microinjection; and in those animals (n=2) 

where microinjection site were not confined within limit of Pef, no significant effect of 

glutamate microinjection were seen as comp.rred to controls. Therefore. our study confirms 

that orexin induced effects on REM sleep are mediated through LC NA-ergic neurons, but 

the possibili1ty of other targets for orexin could not be over ruled and so further similar 
1 

studies with different neuronal targets are advisable. 

Thus, this study showed stir.mlating Pef neurons was significantly reduced by its 

antagonist into LC. After micoroinjecting the glutamate in Pef and orexin receptor 

antagonist (SB-408124) in LC, the effect of glutamate stimulation in Pef is minimized. The 

result of this study showed that the Pef stimulation-induced decrease in REM sleep could 

be prevented by micro injection of OXRl antagonist into LC. This study suggests the role of 

orexin in LC mediated regulation of REM sleep. 
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