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Zusammenfassung

Schlaf ist von vitaler Bedeutung für unsere Gesundheit und unser Wohlbefinden.

Trotzdem sind fundamentale Fragen hierzu nach wie vor ungeklärt, z.B. “warum

schlafen wir?” oder “welches sind die Mechanismen der Schlaf-Regulation?”.

Ein besseres Verständnis der Schlafregulation könnte neue Perspektiven eröffnen,

sowohl für die neurophysiologische Grundlagenforschung als auch für die Behand-

lung von Schlafstörungen.

Ein allgemein anerkanntes Konzept der Schlafregulation wurde 1982 von

Alexander Borbély vorgeschlagen. Danach ergeben sich Schlaf-Wach-Zyklen aus

der Wechselwirkung zwischen einem zirkadianen und einem homöostatischen Pro-

zess. Der zirkadiane Prozess wird einer “genetischen Uhr” in den Neuronen im

Nucl. Sprachiasmaticus des Hypothalamus zugeschrieben, während die Mechanis-

men des homöostatischen Prozesses noch ungeklärt sind.

Mit dieser Arbeit wird ein neues Konzept einer durch Hypocretin (Orexin)

vermittelten Schlaf-Homöostase vorgestellt. Das Neuropeptid Hypocretin ist ein

synaptischer Ko-Transmitter von Neuronen im lateralen Hypothalamus und ist

von besonderer Bedeutung für die Aufrechterhaltung des Wachzustands. Unter-

funktion des Hypocretin Systems führt zur Schlafkrankheit Narkolepsie, welche

durch Störungen der Schlaf-Wach-Zyklen mit plötzlichen Schlafattacken am Tag

und Unterbrechungen des Nacht-Schlafs gekennzeichnet ist. Anderseits wird durch

Hypocretin Injektion die Wachheit und die Leistungsfähigkeit nach Schlafentzug

erhöht.

Die wichtigsten Annahmen der hier vorgelegten Studie sind folgende:

1) Das Neuropeptid Hypocretin ein entscheidender Faktor der homöostatischen

Schlafregulation. 2) Die kontinuierliche Impuls-Aktivität der Hypocretin Neurone

im Wachzustand wird durch reziproke erregende Verbindungen mit anderen Neu-

ronen, einschließlich lokaler glutamatergen Interneuronen, aufrechterhalten; 3) Im

Verlauf anhaltender Impulsaktivität wird die synaptische Hypocretin-Wirkung

vermindert bis die Aktivität im erregenden Rückkopplungskreis unterbrochen

wird. 4) In der dadurch eingeleiteten, weitgehend aktivitätsfreien (Schlaf-) Phase

kann sich die synaptische Effizienz wieder aufbauen, wodurch die Wiedereinstel-

lung kontinuierlicher Aktivität (Wachzustand) durch einen erregenden Reiz, z.B.

aus den circadianen Schrittmacherneuronen, zunehmend erleichtert wird.

Dieses Konzept wurde in ein mathematisches Schlaf-Modell übertragen, das
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auf einem physiologisch fundierten, wenn auch vereinfachten Hodgkin-Huxley

Ansatz aufbaut. Ein Hypocretin Neuron ist mit einem lokalen Interneuron über

glutamaterge Synapsen in einer exzitatotorischen reziproken Rückkopplungsschlei-

fe verbunden. Es innerviert gleichfalls zwei gap junction gekoppelte thalamische

Neurone und nutzt als zusätzlichen Ko-Transmitter das Neuropeptid Hypocre-

tin. Dessen synaptische Effektivitt verringert sich mit jedem Aktionspotential

und der damit verbundenen Transmitter-Ausschüttung. Diese Effekte werden von

einem langsamen Erholungsprozess überlagert. Die im aktiven Wachzustand ab-

nehmende synaptische Stärke führt zu einem zunehmenden Schlafdruck, der durch

den Aufbauprozess in der aktivitätsfreien Schlafphase wieder verringert wird.

Die Computer-Simulationen können die wesentlichen Komponenten homöosta-

tischen Veränderungen während der Schlaf- und Wachphase nachbilden,

einschließlich der Wirkung äußerer Weckreize, eines Zwischenschlafs oder Schlaf-

entzugs. Unter dem Einfluss zirkadianer Effekte kann das Computer-Modell auch

die typischen Veränderungen der Impulsaktivität in hypothalamischen und tha-

lamischen Neuronen im Verlauf von Schlaf-Wach-Zyklen wieder geben. Diese

Simulationsergebnisse stützen das hier vorgelegte Konzept, wonach synaptische

Veränderungen im Hypocretin System eine wichtige Komponente homöostatischer

Schlaf-Wach-Regulation darstellen, auch wenn nicht auszuschließen ist, dass zu-

sätzliche Mechanismen berücksichtigt werden müssen.
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Summary

Sleep is vital to our health and well-being. Yet, we do not have answers to such

fundamental questions as “why do we sleep?” and “what are the mechanisms of

sleep regulation?”. Better understanding of these issues can open new perspectives

not only in basic neurophysiology but also in different pathological conditions that

are going along with sleep disorders and/or disturbances of sleep, e.g. in mental

or neurological diseases.

A generally accepted concept that explains regulation of sleep was proposed in

1982 by Alexander Borbély. It postulates that sleep-wake transitions result from

the interaction between a circadian and a homeostatic sleep processes. The circa-

dian process is ascribed to a “genetic clock” in the neurons of the suprachiasmatic

nucleus of the hypothalamus. The mechanisms of the homeostatic process are still

unclear.

In this study a novel concept of hypocretin (orexin) - based control of sleep

homeostasis is presented. The neuropeptide hypocretin is a synaptic co-transmit-

ter of neurons in the lateral hypothalamus. It was discovered in 1998 indepen-

dently by two different groups, therefore, obtaining two names, hypocretin and

orexin. This neuropeptide is required to maintain wakefulness. Dysfunction in

the hypocretin system leads to the sleep disorder narcolepsy, which, among other

symptoms, is characterized by severe disturbances of sleep-wake cycles with sud-

den sleep-attacks in the wake period and interruptions of the sleep phase. On

the other hand injection of hypocretin promotes wakefulness and improves the

performance of sleep deprived subjects.

The major proposals of the present study are the following: 1) the homeo-

static regulation of sleep depends on the dynamics of a neuropeptide hypocretin;

2) ongoing impulse generation of the hypocretin neurons during wakefulness is

sustained by reciprocal excitatory connections with other neurons, including local

glutamate interneurons; 3) the transition to a silent state (sleep) is going along

with an activity-dependent weakening of the hypocretin synaptic efficacy; 4) dur-

ing the silent state (sleep) synaptic efficacy recovers and firing (wakefulness) can

be reinstalled due to the circadian or other input.

This concept is realized in a mathematical model of sleep-wake cycles which

is built up on a physiology-based, although simplified Hodgkin-Huxley-type ap-

proach. In the proposed model a hypocretin neuron is reciprocally connected
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with a local interneuron via excitatory glutamate synapses. The hypocretin neu-

ron additionally releases the neuropeptide hypocretin as co-transmitter. Besides

of the local glutamate interneurons hypocretin neuron excites two gap junction

coupled thalamic neurons. The functionally relevant changes are introduced via

activity-dependent alterations of the synaptic efficacy of hypocretin. It is decreas-

ing with each action potential generated by the hypocretin neuron. This effect

is superimposed by a slow, continuous recovery process. The decreasing synaptic

efficacy during the active wake state introduces an increasing sleep pressure. Its

dissipation during the silent sleep state results from the synaptic recovery.

The model data demonstrate that the proposed mechanisms can account for

typical alterations of homeostatic changes in sleep and wake states, including the

effects of an alarm clock, napping and sleep deprivation. In combination with a

circadian input, the model mimics the experimentally demonstrated transitions

between different activity states of hypothalamic and thalamic neurons. In agree-

ment with sleep-wake cycles, the activity of hypothalamic neurons changes from

silence to firing, and the activity of thalamic neurons changes from synchronized

bursting to unsynchronized single-spike discharges. These simulation results sup-

port the proposed concept of state-dependent alterations of hypocretin effects as

an important homeostatic process in sleep-wake regulation, although additional

mechanisms may be involved.
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Chapter 1

INTRODUCTION

Sleep is a one of the most universal phenomena in biology. It is vital to our

health and well-being. Yet, we do not have answers to such fundamental questions

as “why do we sleep?” and “what are the mechanisms of sleep regulation?”.

The present study addresses the questions of sleep regulation by the brain. In

particular, it is related to the mechanisms underlying the transitions between the

states of sleep and wakefulness and their homeostatic control.

Historically, it was assumed that during sleep the brain is inactive and the

central nervous system is shut down. Nowadays, we know that this is not the case.

The brain is active during both wakefulness and sleep, although in quite different

ways. This was first observed in the changes of cortical activity as a function of

sleep and waking (Caton, 1875). These groundbreaking experiments were done

by the English scientist Richard Caton who has made recordings directly from the

cortical surface of the rabbit and monkey brains.

Later, invention of electroencephalography (EEG) made it possible to make

noninvasive recording from the scalp which showed that similar changes of electri-

cal activity are appearing also in the human brain. The invention of the EEG was

a first major breakthrough in the field of sleep research. The introduction and

first application of EEG technology is attributed to the German neurologist and

psychiatrist Hans Berger (Berger, 1929). In the papers published between 1929

and 1938 he had demonstrated EEG responses in humans evoked by different sen-

sory stimuli and had described the EEG rhythms that are seen during sleep and

wakefulness.

It was further recognized that electrical activity of the brain and other phys-
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cycle

Figure 1.1: A characteristic hypnogram derived from an all-night sleep recording
of healthy person. It shows the descent from waking (W) through the stages 1,2,3
and 4 of NREM sleep within the first hour of sleep, dwelling at the stage 4 for
some time and ascending to the REM sleep. The cycle is repeating approximately
every 90 minutes showing less deep sleep and longer REM sleep episodes as the
night progresses.

iological markers also change in the course of sleep (Aserinsky and Kleitman,

1953). Accordingly, sleep was subdivided into rapid eye movement (REM) and

non-rapid eye movement (NREM) sleep (Dement and Kleitman, 1957). These

stages are characterized by signals of the EEG, EMG (electmyogram) and EOG

(electrooculogram). During the REM sleep EEG recordings are similar to those

during wakefulness, demonstrating low amplitude and high frequency waves. The

REM sleep can be clearly distinguished by rapid eye movements and muscle ato-

nia (with occasional muscular twitches). During NREM sleep the EEG recordings

show synchronized waves of high amplitudes and low frequencies. Due to these

low frequencies in EEG the NREM sleep is also called slow wave sleep (SWS).

Transitions between REM and NREM stages reflect the cyclic structure of

sleep. Each cycle lasts for approximately 90 minutes, which means 3 to 6 cycles

during a typical human sleep time of 5 to 9 hours. According to the scoring

system of Rechtschaffen and Kales (Rechtschaffen and Kales, 1968), the NREM

sleep is further subdivided into four stages (stage 1-4), which are differentiated by

the amplitude and frequency of the EEG waves, and appearance of spindles. The

characteristic hypnogram of such transitions is shown in Figure 1.1.

Sleep stage 1 is also called light sleep and is mostly appearing in a very begin-

ning of sleep and right before awakening. Stage 2 follows stage 1 after transition

to sleep. The time spent in stage 2 is increasing as the night progresses, being

longest in the second half of sleep. Stages 3 and 4 are also called deep sleep. As

it is seen from the hypnogram, these stages are dominating in the first hours of
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sleep but disappearing towards awakening.

1.1 Sleep-related brain areas

The alterations of the EEG signals pose the questions, “how the EEG waves are

generated?”, and “what brain structures are involved?”. The first hints came in

the beginning of twentieth century from anatomical studies of the brains of pa-

tients who were suffering from encephalitis letargica. The long-term consequences

of this disorder included diverse disturbances of sleep regulation such as insomnia,

narcolepsy, etc.

In 1930 Constantin von Economo had published his famous work where he had

related these specific disorders to damages of specific brain areas (von Economo,

1930). He has shown that lesion at the junction between the brain stem and the

forebrain results in the extensive sleepiness, while lesion in the anterior hypotha-

lamus results in insomnia. Also he has suggested that narcolepsy is caused by

lesion in the lateral hypothalamus. Based on his studies, von Economo proposed

the existence of the ascending arousal system, which originates in the brain stem

and keeps the forebrain awake.

The idea of the ascending arousal system was later confirmed by other studies.

In 1949 the two scientists Giuseppe Moruzzi and Horace Magoun demonstrated

that stimulation of a specific area in the brain stem of a sleeping animal induces

EEG waves that correspond to wakefulness (Moruzzi and Magoun, 1949). The

nuclei of a brain stem that are involved in regulation of sleep and wakefulness are

part of the so-called reticular formation. Therefore, the ascending arousal system

is also called the ascending reticular activating system (ARAS).

The more studies have been done the more clear it became that the physiology

of sleep is extremely complicated and involves cooperative action of many brain

nuclei and neurotransmitters systems. Particular mechanisms of regulation of

sleep and specific roles of the diverse nuclei are still not entirely understood. Figure

1.2A summarizes in a rather simplified way the major sleep-related brain regions

and their connections. Figure 1.2B illustrates the typical EEG waves during

wakefulness, NREM and REM sleep together with characteristic firing activity

in different nuclei. The activity patterns of these nuclei and their alterations

according to different behavioral states (wakefulness, NREM or REM sleep) give
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an indication of their function.

Many of the thalamic and cortical neurons are active during wakefulness and

all sleep states, but change their firing pattern from single spike discharges to im-

pulse groups. These changes are going along with transitions from asynchronous to

synchronized activity. Synchronized burst discharges are characteristic for NREM

sleep and are associated with the appearance of slow waves of high amplitudes

in EEG. The high-frequency low-amplitude EEG waves during wakefulness and

REM sleep are related to the asynchronous single spike generation by thalamic and

cortical neurons. The thalamus and cortex have reciprocal connections with each

other and receive inputs from subthalamic regions, especially from the monoamin-

ergic and cholinergic nuclei of the ARAS and from the hypothalamic nuclei.

In the hypothalamus, according to the activity states, there is a wake-promo-

ting nucleus in the lateral hypothalamus (LHA), and a sleep-promoting nucleus in

the ventrolateral preoptic area (VLPO). The suprachiasmatic nucleus (SCN) pro-

vides an intrinsic circadian signal. It exhibits a gradually changing firing activity

with a maximum frequency towards the middle of the wake state. The SCN as well

as the LHA have preferably excitatory projections to almost all brain areas. The

VLPO has diverse inhibitory projections, especially to LHA and monoaminergic

nuclei.

The monoaminergic neurons are mostly active during wakefulness and are

involved in arousal mechanisms via their projections to the thalamus and the hy-

pothalamus. They partly activate of wake-promoting and inhibit sleep-promoting

nuclei. The reciprocal connections with the REM-promoting cholinergic neurons

are particularly important for REM-NREM transitions.

A more detailed description of the specific dynamics of the diverse sleep-related

brain regions is given below. More details can be found in books and reviews

on sleep physiology. For example, see (Jouvet and Moruzzi, 1972; Siegel, 1990;

Steriade, 1992; Lydic and Baghdoyan, 1998; Siegel, 2002; Sinton and McCarley,

2004; Luppi, 2004; Harris, 2005; Steriade and McCarley, 2005; McCarley, 2007;

Monti et al., 2008).

1.1.1 Cortex

Cortical activity is not homogenous and different cortical areas may demonstrate

different synchronization and firing properties. Nevertheless, there are typical al-
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Figure 1.2: A: A simplified scheme of connections between sleep-related brain
structures. B: Characteristic EEG and firing activity of these brain areas during
wakefulness, NREM and REM sleep. The abbreviations are: LHA is a lateral
hypothalamic area; SCN - suprachiasmatic nucleus; VLPO - ventrolateral preop-
tic nucleus; The cholinergic nuclei combine the basal forebrain and laterodorsal
and pedunculopontine tegmental nuclei of brain stem; The monoaminergic nuclei
include locus coeruleus, tuberomammilary nucleus,dorsal raphe nucleus and ven-
trolateral tegmental area. The signs of pluses and minuses refer to excitatory and
inhibitory action, respectively.
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terations of the firing pattern which result in the characteristic changes of EEG

in different states of sleep and wakefulness (Calvet et al., 1964a; Calvet et al.,

1964b; Jouvet, 1967). This characteristic changes of firing activity and corre-

sponding EEG recordings are shown on the Fig.1.2B.

During wakefulness most of the cortical neurons are depolarized and generate

action potentials (spikes) with irregular intervals (Noda and Adey, 1970). In this

state the neurons fire asynchronously (Destexhe et al., 1999), what results in a

typical wake EEG with low-amplitude high-frequency waves (Coenen, 1995).

During slow wave sleep the depolarization of the cortical neurons by diverse

arousal centers is missing, and they start to fire groups of spikes (bursts) that

are separated by longer intervals of silence (Noda and Adey, 1970). In this state

the neurons seem to easier synchronize (Destexhe et al., 1999) what leads to

the appearance of the EEG waves with low frequency and high amplitude. This

type of EEG waves is typical for deep sleep (Coenen, 1995). During REM sleep

the cortical neurons are again desynchronized. They switch to a state similar to

wake activity with irregular generation of single spikes and corresponding EEG

waves of high frequency and low amplitude (Destexhe et al., 1999). The cortical

activity during wake and sleep states is described in many details in diverse reviews

(Jouvet, 1967; Paisley and Summerlee, 1984; Dijk, 1995; McCormick and Bal,

1997; Steriade and Amzica, 1998; Steriade, 2003).

Cortical activity is crucial for determining the states of sleep and wakeful-

ness, but their firing pattern and synchronization states essentially depend on the

interactions with thalamus.

1.1.2 Thalamus

The thalamus is a center for sensory-motor integration and a major information

“gate” to the cortex (Kandel et al., 1991; Blumenfeld and McCormick, 2000;

Bal et al., 2000). During NREM sleep it maintains cortical synchronization and

disconnects the cortex from other influences.

Thalamic neurons, similar to cortical ones, express profound alterations in

activity with changes of behavioral states. In the wake state thalamic neurons fire

tonically and are not synchronized with each other, while along with the transition

to NREM sleep state they are switching to synchronized burst discharges (Glenn

and Steriade, 1982; McCormick and Feeser, 1990).
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The precise mechanism of the sleep-wake related tonic-to-bursting transitions

in thalamic and cortical neurons is still unclear, although it is broadly assumed

that they are driven by some extrathalamocortical processes (Steriade, 1994;

Jones, 2003). The thalamic neurons receive projections from other sleep-related

brain areas, among which are the hypothalamus and multiple monoaminergic nu-

clei of the arousal system. It is likely that interactions between extrathalamic

and intrathalamic mechanisms, including intrinsic properties of thalamic neurons,

contribute to the alterations of thalamic activity at the transitions from wakeful-

ness to sleep (for reviews see McCormick and Bal, 1997; Steriade and Amzica,

1998; Steriade, 2003; Steriade and McCarley, 2005).

1.1.3 Hypothalamus

In the hypothalamus there are at least three nuclei which are important for the

regulation of sleep and wakefulness. These are the suprachiasmatic nucleus (SCN),

the ventrolateral preoptic nucleus (VLPO) and the lateral hypothalamic area

(LHA). These nuclei have different and partly opposite roles in the control of

sleep and wakefulness. (Hauta, 1946; Salin-Pascual et al., 2001; Saper et al.,

2001; McGinty and Szymusiak, 2003; Saper et al., 2005; Szymusiak and McGinty,

2008).

Suprachiasmatic nucleus (SCN)

The suprachiasmatic nucleus of the hypothalamus is the master clock in the brain.

It provides an endogenous circadian rhythm for diverse physiological functions,

including the circadian appearance of sleep-wake cycles (for review see Meijer and

Rietveld, 1989; Klein et al., 1991; Refinetti, 2005; Mistlberger, 2005; Moore, 2007).

Lesion of the SCN results in random transitions between sleep and wake states,

which no longer follow the day-night period of 24 hours (Ibuka and Kawamura,

1975; Edgar et al., 1993).

The circadian rhythms of the SCN neurons are manifested in their electrical

activity. These neurons are most active during the subjective day and fire with

lower frequencies during night. The firing rate of the SCN neurons is gradually

changing in a nearly sinusoidal form (Yamazaki et al., 1998). Such circadian

variation in the firing frequency is also observed in the isolated SCN neurons, but

their individual periods may vary (Schaap et al., 2003; Kononenko et al., 2008).
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The circadian alterations of the SCN firing rates are resulting from the activity

of genetic clocks, which are present in each cell. These genetic mechanisms are

widely studied. At least 12 genes, involved in circadian oscillations, have been

identified. They work through promotion and/or inhibition of protein transcrip-

tion and form a complex system of feedback loops which has the properties of an

oscillator (Herzog et al., 1998; Albrecht, 2002).

Activity of the SCN is synchronized to the external light-dark cycle via the

retinohypothalamic tract which transmits information from the light-sensitive cells

in retina (Moore, 1973). This holds true even for the blind subjects (Berson et al.,

2002; Provencio et al., 2002). When the retinohypothalamic tract is destroyed the

circadian rhythms are still present but their periodicity might be different from

24 hours and independent from day-night cycle. Similar effects can be achieved

by keeping subjects in constant darkness.

The circadian activity of the SCN together with light-dark cycles regulate syn-

thesis of melatonin, the “hormone of darkness”, in the pineal gland. In turn this

hormone mediates activity of the SCN neurons and may even shift the circadian

phase. Production of melatonin follows the circadian rhythm: it is lowest during

day (light) and highest during night (dark). Synthesis of melatonin starts shortly

before sleep and its blood level peaks about 4 hours before awakening. Synthesis

of melatonin during the night can be inhibited by light, while darkness during the

day cannot increase melatonin production because it is suppressed by the activity

of the SCN. For detailed description see (Cassone, 1991; Illnerova, 1991; Cassone

et al., 1993).

Neurons in the SCN have projections to various areas of the hypothalamus,

including LHA and VLPO, as well as basal forebrain and thalamus. Major inputs

to the SCN are coming from the cholinergic laterodorsal and pedunculopontine

tegmental nuclei (LDT/PPT) and serotonergic dorsal raphe (DR) (for the full list

of connections see Card, 1999).

Ventrolateral preoptic nucleus (VLPO)

The primary function of the VLPO in regulation of sleep and wakefulness is the

promotion of sleep. Clinical and experimental studies have shown that lesions of

the VLPO result in insomnia, while its stimulation enhances sleepiness (Lu et al.,

2000; Saper et al., 2001). Activation of the VLPO neurons is often associated with
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the action of adenosine and/or prodtoglandine D2 (Scammell et al., 1998; Urade

and Hayaishi, 1999; Morairty et al., 2004; Chamberlin et al., 2003). When these

substances are injected near the VLPO they induce sleepiness, while administra-

tion of adenosine receptor antagonists, such as caffeine, has a well known arousal

effect (Walsh et al., 1990; Roehrs and Roth, 2008).

In contrast to the other sleep-related nuclei, neurons in the VLPO are most ac-

tive during NREM and REM sleep and inactive during wakefulness (Sherin et al.,

1996; Szymusiak et al., 1998). These neurons are primarily GABAergic and pro-

mote sleep by inhibition of the monoaminergic neurons. In turn, the monoamines

inhibit the VLPO neurons during wakefulness, thus creating a reciprocal feedback

loop, where sleep-promoting and wake-promoting nuclei inhibit each other (Lu et

al., 2000; Chou et al., 2002; Gallopin et al., 2000). These mutual inhibition was

conceptualized in the flip-flop model by Saper and colleagues (Saper et al., 2001),

which will be described in more details in section 1.2.

The VLPO is also connected to other hypothalamic nuclei that are involved

in sleep-wake regulation. Inputs from the suprachiasmatic nucleus (SCN) intro-

duce circadian regulation of the VLPO. The VLPO itself inhibits the hypocretin

neurons in the lateral hypothalamus (Shiromani et al., 1998). The role of VLPO

in sleep is reviewed, for example, by Szymusiak et al. (2001).

Lateral hypothalamic area (LHA)

Particular importance of the lateral hypothalamic area in regulation of sleep was

suggested already in 1930 by von Economo (von Economo, 1930). He has proposed

that degeneration of neurons in this area is a cause of a sleep disorder narcolepsy,

which is characterized by severe disturbances of sleep-wake cycles, inability to

stay awake, sleepiness during wakefulness, and other symptoms.

This suggestion was confirmed and explained only recently after the discovery

of hypocretin (also called orexin) neurons in the LHA (de Lecea et al., 1998;

Sakurai et al., 1998). Diverse experimental studies have shown that narcolepsy

is caused by dysfunction of the hypocretin system, i.e. absence of hypocretin

neurons, receptors or the neuropeptide itself (Lin et al., 1999; Chemeli et al.,

1999; Thannickal et al., 2000; Gerashchenko et al., 2001).

This neuropeptide was simultaneously discovered by two scientific groups (de

Lecea et al., 1998; Sakurai et al., 1998). The group of de Lecea has given it a name
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hypocretin, due to its structural similarity with hormone secretin. The group of

Sakurai has given it the name orexin due to the appetite-stimulating effects of

this neuropeptide (orexis is appetite in Greek). Further in the text, for simplicity,

I will only use the name hypocretin (hcrt) to refer to this neuropeptide.

Since its discovery in 1998 hypocretin was extensively studied and was found to

be involved in diverse physiological functions such as feeding behavior, physical ac-

tivity and, most importantly for this study, in regulation of sleep and wakefulness

(Sakurai, 2007; Sakurai, 2005; Sutcliffe and de Lecea, 2002). The hypocretin-

producing neurons in LHA are most active during wakefulness and are virtually

silent during NREM and REM sleep (Lee et al., 2005; Mileykovskiy et al., 2005).

Besides of hypocretin, which is released in the synaptic cleft as a neuromod-

ulator, these neurons co-release a classical transmitter glutamate (Rosin et al.,

2003). Both substances have depolarizing effect on postsynaptic neurons, binding

to different types of receptors. Glutamatergic receptors may be of fast ionotropic

or slow metabotropic type, while both hypocretin receptors (hcrt− r1, hcrt− r2)

are metabotropic (Sakurai et al., 1998).

There is only a small number of hypocretin-releasing neurons (about 7000 in

the human hypothalamus) but they project literally throughout the whole brain,

except of the cerebellum (Peyron et al., 1998; Peyron et al., 2000). Particu-

larly, they excite the monoaminergic and cholinergic nuclei of arousal system and,

thereby, indirectly inhibit the sleep-promoting VLPO. Also they send excitatory

projections to the thalamus and cortex. They are receiving excitatory input from

the SCN and inhibitory input from the sleep-active neurons in the VLPO.

Hypocretin neurons are involved in energy balance by sensing glucose concen-

trations (Yamanaka et al., 2003). They also receive inputs from the limbic system

(Winsky-Sommerer et al., 2004; Sakurai et al., 2005; Yoshida et al., 2006) which

are important for emotional arousal. The manifold of connections with sleep-

relevant brain areas as well as with autonomous and emotional systems suggests

that hypocretin neurons play a crucial role in integrative sleep-wake regulation

(for review see Tsujino and Sakurai, 2009; Adamantidis and de Lecea, 2009).

1.1.4 Monoaminergic nuclei

There are several of the sleep-related monoaminergic nuclei, and they are located

in different parts of the brain. In the brain stem these are the noradrener-
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gic locus coeruleus (LC) and the serotonergic dorsal raphe (DR). The

Dopaminergic ventral tegmental area (VTA) is in the midbrain and the

histaminergic tubero-mammilary nucleus (TMN) is in the hypothalamus.

For details see Hartman, (1974); Jacobs et al., (1984) and Wada et al., (1991).

These diverse nuclei and monoamines have their specific physiological functions

but, with regard to sleep-wake regulation they all promote wakefulness (Flicker

et al., 1981; Kayama and Koyama, 2003). Accordingly, firing activity of the

monoaminergic neurons is high during wakefulness. It is partially suppressed

during NREM sleep and completely absent during REM sleep. The sleep-wake

activity of these diverse nuclei is described in a number of studies (Hobson et

al., 1975; McGinty and Harper, 1976; Trulson and Jacobs, 1979; Puizillout et al.,

1979; Cespuglio et al., 1981; Rasmussen et al., 1986; Szymusiak et al., 1989; Sakai

et al., 1990; Lu et al., 2006a; Aston-Jones et al., 2007; Ursin, 2008).

Some of the monoamines can have both excitatory and inhibitory effects, de-

pending on the types of postsynaptic neurons and receptors (Bylund, 2007; Ursin,

2008). For example, all of them have inhibitory action on the cholinergic REM-

on neurons in laterodorsal and pedunculopontine tegmental nuclei (LDT/PPT).

This may explain why the cholinergic neurons are silent when the monoaminergic

neurons are firing in the wake and NREM state (McCarley and Hobson, 1975; Lu

et al., 2006b). During REM sleep this inhibition is absent and cholinergic neurons

are highly active.

With regard to sleep-wake transitions functionally important connections are

made between the monoaminergic nuclei and the hypothalamus. Monoaminergic

neurons receive excitatory input from the wake-active hypocretin neurons in LHA

and are inhibited by the sleep-active neurons in the VLPO. The monoaminergic

input to the thalamic neurons helps to keep them in a sensitive state. For the

description of the connections of the diverse monoaminergic nuclei see (Ungerst-

edt, 1971; Freedman et al., 1975; Morrison et al., 1982; Semba and Fibiger, 1992;

Luebke et al., 1992; Khateb et al., 1993; Thakkar et al., 1998; Monckton and

McCormick, 2002; Kumar et al., 2007; Haas et al., 2008).

Lesions of the monoaminergic nuclei allowed to identify their specific physiolog-

ical functions during sleep and wakefulness, but they seem to have little impact on

overall sleep-wake cycles (Dement et al., 1972; Lidbrink, 1974; Jones et al., 1977;

Gerashchenko et al., 2005; Blanco-Centurion et al., 2007). Rather than inducing

transitions in the sleep-wake cycles the role of the monoaminergic neurons seems
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to be the maintenance of the arousal state (Morgane and Stern, 1975).

1.1.5 Cholinergic nuclei

The cholinergic neurons are located in the laterodorsal and pedunculopontine

tegmental nuclei of a brain stem (LDT/PPT) and in the basal forebrain

(BF) (Armstrong et al., 1983). They are proposed to be of particular importance

for generation of REM sleep and thalamocortical desynchronization (Steriade et

al., 1991; Jones, 1993). Most of the cholinergic neurons are firing only during REM

sleep (REM-on neurons), while some are active during both wakefulness and REM

sleep (WAKE/REM-on neurons). In contrast to the monoaminergic neurons they

fire preferably in bursting pattern. All of them are suppressed during NREM sleep

(Kayama et al., 1992; Siegel, 2000; Szymusiak, 2000).

The cholinergic neurons synthesize acetylcholine and release it at the synaptic

terminals having excitatory action on the postsynaptic neurons. They project

to the cortex, thalamus and hypothalamus, thereby, promoting REM sleep and

wakefulness (Fibiger, 1982; Hobson, 1999). At the same time they are receiving

mostly inhibitory inputs from the monoaminergic nuclei, while they are excited by

some hypothalamic neurons (LHA) (Gaykema et al., 1991; Steininger et al., 1992;

Peyron et al., 1998). The neurons in BF are additionally inhibited by adenosine

which accumulates in the extracellular spaces during wakefulness what leads to

the promotion of NREM sleep (Thakkar et al., 2003; Arrigoni et al., 2006). The

neurons in LDT/PPT are a part of the reticular formation and, apparently, this

area was stimulated by Moruzzi and Magoun to induce wake-like EEG in a sleeping

animal (Moruzzi and Magoun, 1949, Jones and Beaudet, 1987; Jones and Webster,

1988).

Lesions of the cholinergic nuclei have demonstrated their particular role in

regulation of REM sleep episodes, as their number and propensity decreases in

correlation with the size of lesion (Deurveilher and Hennevin, 2001; Shouse and

Siegel, 1992; Blanco-Centurion et al., 2007). The role of cholinergic neurons in

sleep is described in a number of reviews (Steriade and McCarley, 1990; Rye, 1997;

Datta, 1997; Hobson et al., 1998; Semba, 1999; Capece et al., 1999; Steriade,

2005).
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1.2 Concepts and models of sleep regulation

Diverse brain areas are involved in sleep-wake regulation, as indicated by their

activity changes. However, it is not clear how the interaction among them leads

to transitions between sleep and wakefulness and what mechanisms trigger these

transitions.

The models have been developed to elucidate the essential mechanisms of

sleep regulation. They range from descriptive conceptual models to very detailed

mechanism-based simulations. The conceptual models are often presented in a

form of diagrams (Saper et al., 2001; Saper et al., 2005; Pace-Schott and Hobson,

2002) or described by the mathematical equations (Daan et al., 1984; Jewett and

Kronauer, 1999; Achermann and Borbély, 2003; Akerstedt and Folkar, 1997; Mallis

et al., 2004; van Dongen, 2004). These models illustrate basic interdependencies

between the sleep-related processes and brain areas. The mechanism-based models

more specifically focus on the details of the underlying physiological mechanisms

(Bazhenov et al., 2002; Hill and Tononi, 2005; Phillips and Robinson, 2007; Diniz

Behn et al., 2007; Best et al., 2007; Diniz Behn et al., 2008).

1.2.1 The two-process model

The most influential concept of sleep regulation, on which the majority of recent

models of all types are based, is the so called two-process concept that have been

developed in 1982 by Alexander Borbély. It does not consider particular brain

regions and neurotransmitters but relates sleep-wake cycles to the interaction

between a circadian and a homeostatic processes (Borbély, 1982).

The circadian process (C) follows an endogenous, approximately 24 hours

rhythm which is coupled to the external environment, especially to the light-

dark cycle and social Zeitgebers. Besides of sleep-wake cycles this rhythm can be

recognized in diverse physiological functions, such as, body core temperature and

hormones release (cortisol, growth hormone, melatonin). The circadian expressi-

uon of all these rhythms is under the influence of the suprachiasmatic nucleus of

the hypothalamus (see section 1.1.3).

The homeostatic process (S) is state-dependent (wakefulness or sleep) and in-

troduces an increase of sleep pressure during wakefulness and its dissipation during

sleep. During sleep the time course of the homeostatic process can be derived from

20



Figure 1.3: Schematic representation of the two-process model of sleep regulation
adopted from Achermann (2004). Circadian process C modulates the thresholds
H and L. Homeostatic process S rises during waking and declines during sleep.
Interaction of the homeostatic process with the thresholds H and L determines
the onset and termination of sleep episode.

the changes of slow waves amplitude in the EEG which is also used as a measure

of sleep intensity. The longer is the time spent awake above the normal wake time

the higher will be the sleep intensity in the following night. The mechanisms of

the homeostatic regulation are still unclear.

The two-process concept has been described mathematically by Daan and col-

legues (1984). Figure 1.3 illustrates its main principles. The circadian process

(C) is implemented by two skewed sine functions representing a sleep and a wake

threshold (H-high and L-low, respectively). The homeostatic process (S) is mod-

eled in a form of exponential functions. It is accumulating during wakefulness,

according to an increasing sleep pressure. During sleep it is decreasing, similar to

the dissipating sleep drive. Transitions between wake and sleep states occur when

the homeostatic process reaches one of the thresholds of the circadian process.

This model has been successful in illustrating the sleep-wake transitions and

predicting the modifications of sleep-wake cycles by various “disturbances”, such

as day-time nap or shift work (Achermann and Borbély, 2003; Mallis et al., 2004).

Extended by an ultradian process the model also accounts for the transitions

between different sleep stages (Achermann, 2004).
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1.2.2 Extensions of the two-process model

The two-process concept has inspired the development of models of performance

and alertness. In addition to the circadian and the homeostatic processes these

models use sleep inertia as a third component to account for low alertness imme-

diately after awakening (Åkerstedt and Folkar, 1997; Jewett and Kronauer, 1999;

Hursh et al., 2004; Belyavin and Spencer, 2004).

Some data suggested that the sleep inertia is related to the body core temper-

ature, what initiated further extensions of the two-process model, also including

temperature modulations (Brown and Luithardt, 1999). These models are widely

used by industries, such as air and ground carriers, where alertness of people is a

crucial factor (for review see Mallis et al., 2004; van Dongen, 2004).

Such conceptual models are valuable for the understanding of basic principles

but they lack an information about the physiological mechanisms. Therefore the

physiology-based conceptual models are used to explain and/or investigate the

neurophysiological interactions which are relevant for sleep-wake regulation.

1.2.3 The flip-flop concept

As a diversity of brain areas and neurotransmitters is involved in sleep regulation

it is important to examine whether the relevant transitions appear due to inter-

actions between the specific nuclei. The key example of such an approach is the

flip-flop switch model of Saper et al. (2001, 2005).

It relates the transitions between sleep and wakefulness to the alterations of

activity in specific brain nuclei and coupling between them. The major players are

the wake-active monoaminergic and hypocretinergic neurons, and the sleep-active

GABAergic neurons in the VLPO (Fig.1.4). According to this concept, firing of

the monoaminergic neurons results in arousal and wakefulness, while activity of

the VLPO neurons leads to sleep. These nuclei are inhibiting each other. The

hypocretin neurons serve to stabilize the actual activity state. During wakefulness

(a) the depolarizing input from the hypocretin neurons enhances firing of the

monoaminergic neurons which strengthens the inhibition of the VLPO neurons.

During sleep (b) the VLPO neurons fire and inhibit the monoaminergic nuclei,

thereby, relieving their own inhibition.

This model describes the connections between the diverse brain areas and

illustrates which of them dominate in the sleep and the wake states. However, it
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Figure 1.4: Schematic representation of the flip-flop switch model adopted from
Saper et al., (2005). During the wake state (a) the hypocretinergic neurons
(ORX,green) fire and excite the monoaminergic neurons (red) which are, thereby,
inhibiting the VLPO neurons (purple). During sleep (b) The VLPO neurons fire
and inhibit the monoaminergic nuclei, thereby relieving their own inhibition. The
abbreviations are: ORX - hypocretin/orexin neurons, LC-locus coeruleus, TMN
- tuberomammilary nucleus, VLPO - ventrolateral preoptic neurons, eVLPO -
extended ventrolateral preoptic neurons.
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does not explain what initiates the transitions between the different states and,

therefore, does not provide sufficient information to be modeled in a mathematical

form. Mathematical models for the understanding of the physiological interactions

should be made on a mechanism-based level.

1.2.4 Mechanism-based models

Mechanism-based modeling means mathematical realization of functional inter-

dependencies with variables and parameters that are related to specific physio-

logical processes. Mostly these models simulate neuronal activity on the basis of

membrane potentials, currents, ionic conductances, firing frequencies of neurons,

concentrations of neurotransmitters and time delays of signal transduction, etc.

These models are often focusing on specific features of sleep-wake regulation which

are associated with specific brain areas.

The mechanism-based models of sleep regulation can be subdivided into two

groups: (1) models which focus on the activity changes in selected brain nuclei

or structures during sleep-wake cycles (Bazhenov et al., 2002; Hill and Tononi,

2005), and (2) models which consider the effects of interactions between the sleep-

related nuclei (Chou, 2003; Diniz Behn et al., 2007; Best et al., 2007; Phillips and

Robinson, 2007; Diniz Behn et al., 2008).

The best known examples of the first group are the models of thalamocortical

circuits (Bazhenov et al., 2002; Hill and Tononi, 2005). They were developed in

order to examine neuronal mechanisms underlying modulations of firing pattern

and synchronization of cortical and thalamic neurons at sleep-wake transitions.

These models could demonstrate a number of interesting effects, for example, that

increase in potassium leak conductances is sufficient to simulate the transition

from wakefulness to sleep. However, such models are limited to the selected brain

area and do not consider what mechanisms are introducing the relevant changes,

e.g. in leak conductances.

The models of the second group try to include the most relevant brain nuclei

which regulate sleep-wake cycles and are responsible for the ultradian changes of

sleep structure (hypothalamic nuclei, monoaminergic and cholinergic cell groups).

For example, the model developed by Diniz Behn et al., (2007) is even capable to

reproduce tiny details of the mice sleep structure, including short and long wake

bouts. An extended model could explain the experimentally observed effect that
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hypocretin is essential for long but not for short ( <1 min) wake bouts (Diniz

Behn et al., 2008). These effects were related to the time-dependent hypocretin-

mediated increase of the monoaminergic inhibition of sleep-promoting neurons in

VLPO.

Another example is the quantitative model of sleep-wake dynamics based on

the physiology of the arousal system (Phillips and Robinson, 2007). The major

advantage of this model, comparing to others, is that its parameters are not free

but correspond to physiological observables. The model replicates the human

sleep-wake cycle, with physiologically reasonable voltages and firing rates in the

considered brain areas, i.e. VLPO, monoaminergic and cholinergic nuclei. Fur-

thermore, the model develops hysteresis with a region of bistability in which the

transitions between sleep and wake states occur. The narrowing of this bistability

zone results in frequent transitions between the states of sleep and wake, what is

proposed to resemble narcolepsy.

However, irrespective of how detailed the mechanism-based models are, they all

require implementation of the circadian and the homeostatic processes to induce

the periodic transitions between sleep and wakefulness. The circadian mechanisms

are well studied and were realized in diverse conceptual and mechanism-based

models (Kronauer et al., 2007; Goldbeter, 2002). As for the homeostatic process,

it is usually implemented not on the mechanism-based level, but as an explicit

function in a form similar to that of the conceptual two-process model. This is to

a big extend related to a little and sometimes contradictory knowledge about the

physiological background of the homeostatic sleep process.

1.3 Sleep homeostasis: state of the art

The term sleep homeostasis, as proposed by Borbély, mostly refers to the NREM

sleep homeostasis. REM sleep seems to be a very specific state which, obviously,

is completely different from all other sleep states and, accordingly, is governed by

its own, particular rules (Brunner et al., 1990). Therefore, here and further in

the text, whenever the term sleep homeostasis is used, it refers to the regulatory

processes only of NREM sleep.

The time course of the homeostatic process in the two-process model (Daan

et al., 1984) has been derived from the slow waves activity in sleep EEG which
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serves as a marker of NREM sleep intensity and homeostatic changes (Borbély

et al., 1981). The amplitude of slow delta waves continuously declines in the

course of sleep. The amplitudes of delta waves during sleep are correlated with

the time spent awake. They are higher and the sleep phase is longer when the

duration of the preceding awake time is prolonged (Borbély et al., 1981; Dijk et

al., 1993; Aeschbach et al., 1996). In this way, sleep deprivation is counteracted

during the following night by the enhanced sleep intensity and prolonged time of

sleep (sleep rebound) (Borbély and Achermann, 2005). A physiological marker of

sleep homeostasis can also be tracked during wakefulness by measuring the power

of theta-band of the waking EEG, which increases during prolonged wakefulness

(Cajochen et al., 1995).

Although the EEG markers of NREM sleep homeostasis are well established,

the chemical and neuronal mechanisms underlying them are not well understood.

Diverse neurotransmitters, hormones and prostoglandines, including norepineph-

rine, serotonin, histamine, prostoglandine D2, adenosine, hypocretin and others

are contributing to regulation of sleep and wakefulness.

Various brain areas change their activity along the sleep-wake transitions.

Some are assumed to be driven by the other nuclei, while others are more likely

to regulate the transitions between the sleep and the wake states. Among the

nuclei that are believed to regulate the sleep-wake cycles are the diverse nuclei of

the hypothalamus (Saper et al., 2005). Also, most of the body’s autonomous and

homeostatic functions, including blood pressure, body temperature, fluid balance

and others are controlled by the hypothalamus (Kandel et al., 1991). The hy-

pothalamus, therefore, appears to be a good candidate in search for homeostatic

sleep functions.

In the hypothalamus, besides of the SCN with its circadian pacemaker neurons,

there are at least two more nuclei which significantly influence the temporal struc-

ture of sleep-wake cycles. These are the ventrolateral preoptic nucleus (VLPO)

with sleep-active GABAergic neurons (Sherin et al., 1996) and the lateral hy-

pothalamic area (LHA) with wake-active hypocretin neurons (Lee et al., 2005;

Mileykovskiy et al., 2005). Lesions of the VLPO lead to insomnia in a strength

proportional to the size of the lesion (Lu et al., 2000). Lack of hypocretin, its

receptors or hypocretin-producing neurons leads to a sleep disorder narcolepsy,

which is characterized by severe disturbances of sleep-wake cycles, high somno-

lence, spontaneous transitions to sleep and other symptoms (Thannickal et al.,
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2000; Gerashchenko et al., 2001; Peyron et al., 2000; Chemeli et al., 1999; Lin et

al., 1999). However, it is still an open question whether and how the activity of

these nuclei can also serve as a homeostatic sleep process.

1.3.1 The adenosine-theory of sleep homeostasis

Possible contribution of the sleep-active VLPO neurons to a homeostatic process

is often discussed in context with its activation by adenosine (Basheer et al., 2004;

Landolt, 2008). The adenosine-based theory of sleep homeostasis has attracted

much attention. Adenosine is a ubiquitous nucleoside which can, principally,

appear in any cell. The idea of adenosine-based homeostasis has developed from

the hypothesis that one of the functions of sleep is energy restoration. Therefore,

it was suggested that adenosine, as a byproduct of energy metabolism, may act

as a homeostatic regulator of energy in the brain, increasing in concentration

during wakefulness and dissipating during sleep (Chagoya de Sanchez et al., 1993;

Benington and Heller, 1995). Such increase of adenosine concentration can be

expected because extracellular concentration of adenosine increases with increased

neural activity and metabolism, and wakefulness has 30% higher metabolic rate

than NREM sleep (McIlwain and Pull, 1979; Van Wylen et al., 1986; Tobler and

Scherschlicht, 1990; Meghji, 1991; Minor et al., 2001; Maquet et al., 1992; Madsen,

1993).

Remarkably, increasing adenosine concentration during wakefulness could not

be found in all brain regions. During normal wake times the most pronounced

increase has been seen in the cholinergic basal forebrain (Strecker et al., 2000)

and to a lesser extend in the preoptic hypothalamic region and cerebral cortex

(Porkka-Heiskanen et al., 2000; Alam et al., 1999; Huston et al., 1996). During

sleep deprivation enhanced adenosine levels have been seen only in the cholinergic

basal forebrain. In contrast, in the VLPO region sleep deprivation results in the

decrease, rather than increase, of adenosine concentration (Porkka-Heiskanen et

al., 2000; Basheer et al., 1999). Due to this and other data it was concluded

that VLPO does not accumulate the need for sleep, but is rather being under the

influence of homeostatic factors of other origin (Saper et al., 2005).

Nevertheless, other observations seem to fit quite well to the adenosine-theory

of sleep homeostasis. For example, the fact that injections of adenosine in the

cholinergic BF, LDT/PPT and hypocretinergic LHA as well as near the VLPO
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induce sleepiness (Dunwiddie and Worth, 1982; Virus et al., 1983; Ticho and

Radulovacki, 1991; Portas et al., 1997). It has been shown that adenosine sup-

presses activity of the wake-promoting cholinergic and hypocretinergic neurons by

a direct inhibition (Rainnie et al., 1994; Liu and Gao, 2007), while it activates

sleep-promoting GABAergic VLPO neurons by inhibition of inhibitory connec-

tions from the wake-promoting neurons (Chamberlin et al., 2003; Morairty et al.,

2004; Gallopin et al., 2005; Methippara et al., 2005). The activation of the VLPO

neurons was proposed to be primarily realized via the inhibition of the cholinergic

neurons in BF which indirectly inhibit VLPO (for review see Basheer et al., 2004;

McCarley, 2007; Landolt, 2008). Furthermore, the well known wake-promoting

effect of caffeine can be explained by its action as an adenosine antagonist (Fred-

holm et al., 1999). Systemic administration of caffeine prolongs the sleep latency

and reduces slow wave sleep what indicates impaired sleep homeostasis (Landolt

et al., 1995; Landolt et al., 2004; Drapeau et al., 2006; James and Keane, 2007).

All these findings demonstrate the importance of adenosine in regulation of

sleep and its possible contribution to the homeostatic process. However, some

of the recent studies suggest that this concept is not complete and that other

mechanisms may, at least additionally, be involved.

As it was described above the BF is an area with the strongest increase of

adenosine concentration during wakefulness. Therefore, adenosine-related inhibi-

tion of BF cholinergic neurons was proposed as one of the mechanisms of home-

ostatic regulation of sleep. Blanco-Centurion and colleagues (2006) have studied

this hypothesis by examining sleep intensity it rats with lesion of the cholinergic

basal forebrain. Remarkably, in these BF lesioned rats, the increase of sleep inten-

sity after sleep deprivation is of the same extent as in control rats. Accordingly,

the accumulation of adenosine in the cholinergic BF, which does not occur in the

lesioned rats, cannot be responsible for the increasing sleep intensity after sleep

deprivation. Other experiments of the same group have shown that even triple

lesions when, apart from the BF, also the TMN and the LC have been destroyed,

do not affect the total wake time. Obviously, these centers, although they may

promote wakefulness, do not significantly contribute to homeostatic regulation.

Furthermore, Stenberg with colleagues (2003) have shown that mice without

A1 adenosine receptors, which are proposed to be crucial for the sleep-promoting

adenosine effects, show neither alterations in sleep-wake cycles nor changes in the

rebound sleep intensity compared to control. Indeed, this may be explained by
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a reorganization of homeostatic mechanisms in the absence of A1 receptor, but

can also indicate that other mechanisms are more important for homeostatic sleep

regulation.

1.3.2 Contribution of hypocretin to the control of sleep

and wakefulness

The neuropeptide hypocretin is not such a ubiquitous substance as adenosine

but is a co-transmitter of an only small population of neurons in the lateral hy-

pothalamic area (LHA) (de Lecea et al., 1998; Sakurai et al., 1998). Release of

hypocretin is high during wakefulness and is activity-dependent (Kiyashchenko et

al., 2002). Therefore, concentration of hypocretin in the cerebrospinal fluid (CSF)

increases during a day and decreases during a night (Salomon et al., 2003; van

den Pol, 1999; Fujiki et al., 2001; Yoshida et al., 2001), what makes a similarity

to a concept of accumulation of “sleep substance”, as with adenosine.

The hypocretin neurons have excitatory projections to virtually all

arousal brain areas (Peyron et al., 1998; Date et al., 1999; Nambu et al., 1999)

and, thereby, are proposed to play a major role in maintenance of wakefulness

(for review see Sakurai, 2007; Sutcliffe and de Lecea, 2002). Intracerebrovascu-

lar injection of hypocretin lengthens the total wake time (Ida et al., 1999) and

intravenous and/or nasal administration improves performance of sleep deprived

subjects (Deadwyler et al., 2007). Application of hypocretin antagonist, almorex-

ant, was shown to induce sleepiness and increase amount of both NREM and REM

sleep (Brisbare-Roch et al., 2007).

Hypocretin neurons are also involved in sensing body’s external and internal

environments, including energy state and emotional stimuli, what helps them to

adjust sleep-wake cycles according to the actual body state and other homeostatic

features (Sakurai et al., 2005; Yamanaka et al., 2003; Yoshida et al., 2006).

The impact of hypocretin on sleep-wake control, especially for the maintenance

of wakefulness, is much more clearly demonstrated than for any other substance.

However, the question is whether it also can be a homeostatic factor, i.e. a

substance that accumulates sleep pressure during wake state.
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Chapter 2

CONCEPT

A novel concept for sleep homeostasis

Considering the above mentioned facts and the lack of a comprehensive, mecha-

nism-based explanation of sleep-wake transitions, a novel concept of a homeostatic

process has been developed. The idea is that the homeostatic alterations of sleep

or wake drives must not necessarily result from the accumulation and decline of

specific substances but can also arise from different, state-dependent mechanisms.

The proposal is that homeostatic changes are directly related to the neuronal

dynamics, specifically to activity-dependent alterations of synaptic transmission.

The concept is based on the fact that not only lack of hypocretin neurons but

also lack of hypocretin itself or its receptors leads to significant disturbances of

sleep-wake cycles such as those observed in narcolepsy. This means that sleep

pressure develops due to reduced availability or weakened synaptic efficacy of

hypocretin (lack of hypocretin or its receptors). This even might happen when

the neurons and neuronal circuits are intact and the main neurotransmitter of

hypocretin neurons - glutamate (Rosin et al., 2003) is fully operating. Similar

effects might occur during the natural sleep-wake cycles.

During wakefulness, when wake-promoting hypocretin neurons are tonically

firing, hypocretin synaptic transmission may decrease, what results in increased

sleep pressure and transition to sleep. During sleep the synaptic transmission may

recover. Such state-dependent changes of synaptic activity can result from diverse

mechanisms. For example, it can be expected that the amount of hypocretin which

is released into the synaptic cleft during the ongoing firing in the wake state cannot
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be fully compensated. Neuropeptides, like hypocretin, are not re-uptaken but

disappear from the cleft by degradation or diffusion. Therefore, the availability

of such co-transmitters may decrease easier than that of classical transmitters

like glutamate. Another well known mechanism that leads to reduced synaptic

efficacy is the internalization of receptors in response to ongoing stimulation by

receptor-agonists. In the silent state, the synaptic efficacy can slowly increase due

to refilling of the presynaptic content or by receptor up-regulation, respectively.

The transitions between the active wake and silent sleep states of hypocretin

neurons can be related to the alterations of the synaptic efficacy assuming recip-

rocal excitatory feedback connections between the hypocretin neurons and other

excitatory neurons, e.g. local glutamate interneurons. It is proposed that these

experimentally well established connections are required to keep the hypocretin

neurons in a firing state (Li et al., 2002). Firing of the hypocretin neurons activate

local interneurons which, in turn, keep the hypocretin neurons in a firing state

via reciprocal excitatory projections. This is the way how sustained activity can

be achieved whenever the one or the other type of neurons have been sufficiently

excited for activation of their reciprocally connected partners which, together,

constitute a positive feedback loop.

The question is, how this positive feedback loop is interrupted, i.e. how such

reciprocal excitatory circuits can go from sustained firing to silence. This is the

point where the activity-dependent alterations of the synaptic efficacy of the co-

transmitter hypocretin come into play. The idea is that the hypocretin neurons,

in addition to their main transmitter glutamate, need a certain contribution of the

co-transmitter hypocretin to keep the interneurons in a firing state. When this is

no longer possible because of impaired hypocretin effects, the cessation of firing

of the interneurons will bring the complete reciprocal circuits into a silent state.

Once firing has ceased it will need some recovery time to reintroduce sustained

impulse generation. This can be achieved by any external stimulus which is strong

enough to introduce firing in one the neuronal populations which can activate the

other one. Such stimuli may come from circadian pacemaker neurons or from a

sensory input, e.g. form an alarm clock.

These state-dependent alterations of the synaptic efficacy and firing activity

of hypocretin neurons, of course, will have impact at all their synaptic terminals

in the manifold of brain areas to which they project. Most important effects with

regard to sleep-wake cycles can be expected from the direct or indirect projections
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of hypocretin neurons to the thalamus. The thalamic neurons are considered to

play a major role as a gate for sensory information processing. This is of particular

importance for the transition from a conscious wakefulness to an unconscious sleep

state.

The thalamic neurons are going from unsynchronized single spike generation

in the wake to synchronized burst discharges in the sleep state (McCormick and

Feeser, 1990). Such transitions can be achieved in different ways, for example, by

alterations of the leak conductances as modeled by Hill and Tononi (2005). The

easiest way to bring bursting neurons into a tonic firing state, which typically is

used in electrophysiological experiments, is the injection of a depolarizing current.

These alterations of the spiking pattern seem to be sufficient to bring the neurons

out of a synchronous into asynchronous state of impulse generation. The transi-

tions between different impulse patterns and synchronization states as a function

of current injection may simply develop due to the particular intrinsic properties

of thalamic neurons (Postnova et al., 2007b).

Such tonic-to-bursting transitions in the activity of thalamic neurons were

shown to appear as a results of depolarization due to extracellular application

of hypocretin (Kolaj et al., 2007). It can be expected that the same transitions

can be achieved by a synaptic current input from hypocretin neurons. When the

hypocretin neurons are firing, their depolarizing synaptic input will keep the tha-

lamic neurons in an unsynchronized tonic firing state. Without this depolarizing

input, when the hypocretin neurons are silent, the thalamic neurons may go into

a synchronized bursting mode.

In this way, the proposed mechanisms of homeostatic alteration of the synaptic

hypocretin efficacy may not only account for the sleep-wake related transitions of

the impulse activity of hypocretin neurons but also for the alterations of impulse

pattern and synchronization states of thalamic neurons.

This concept has been translated into a mathematical model to examine whe-

ther and how the proposed transitions can be achieved and to elucidate the func-

tionally relevant dynamics. Both the concept and the model will be published in

Journal of Biological Rhythms (Postnova et al., in print b) and will further be

described here in the MODEL and RESULTS chapters. The modeling approach

and its physiological background will be described in details in the next section

(METHODS).
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Chapter 3

METHODS

To mathematically realize the above described concept on the level of neurons and

synapses a conductance-based approach was used. This approach was developed

in 1952 by Alan Lloyd Hodgkin and Andrew Fielding Huxley who have combined

experimental and modeling techniques to explain the mechanisms of generation of

action potential (Hodgkin and Huxley, 1952). A major advantage of this method

is that the variables and parameters of the model can, in principal, be measured

in electrophysiological experiments and their dynamics follow physiological rules.

This chapter presents the general equations of the conductance-based ap-

proach. It describes the assumptions that are made to bring such complicated

systems as neurons and synapses down to a set of mathematical equations with-

out loosing the functionally relevant properties.

3.1 Membrane equation

The lipid bilayer of membrane can be interpreted as an electrical capacitor. It

is charged and discharged by the ionic currents Ii flowing through the ion chan-

nels in the membrane. The ion channels are represented as conductances gi for

the corresponding type of ions. Altogether the neuron can be considered as an

equivalent circuit, as shown in the Figure 3.1.

According to the Kirchhoff’s current law the total current in electrical circuit

equals to zero. Therefore, the current in the membrane capacitor IC equals the

sum of all the ionic currents flowing through the membrane.
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Figure 3.1: A: Lipid bilayer of a neuronal membrane with different types of ion
channels in it. From left to right: passive leak, potassium, sodium and transmitter-
gated channels. B: Schematic representation of a neuronal membrane according to
the conductance-based approach. The capacitor C is charged by all the currents
in the circuit (Il, INa, IK , Isyn, etc). Il is a leak current flowing through the
constant conductance gl with equilibrium potential Vl. INa and IK are flowing
through the voltage-dependent conductances gNa and gK respectively. Current
Isyn is a synaptic transmitter-gated current, which appears due to coupling with
other neurons. The sum of the currents equals to the capacitive current IC .
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IC = −ΣIi. (3.1)

The capacitive current is defined as a time rate of change of charge: IC =

dQ/dt. The charge Q, on the other hand, can be written as a product of the

membrane capacitance C and voltage: Q = CV . Thus, the Eq.3.1 can be modified

into the differential equation for membrane voltage:

C
dV

dt
= −ΣIi. (3.2)

The original Hodgkin-Huxley model included three types of ionic current: leak

Il, sodium INa and potassium IK . However, this modeling approach allows ex-

tensions by any other types of currents, including synaptic and externally applied

currents, which are simply added to the right side of the membrane equation.

C
dV

dt
= −Il − INa − IK − Isyn − Iexternal − ... (3.3)

3.2 Implementation of membrane currents

The ionic currents, in a general form, are calculated as the product of the ionic

conductance gi and the driving force. The driving force is given by the difference

between the actual membrane potential V and the equilibrium potential of the

ions that contribute to the current Vi.

Ii = gi(V − Vi). (3.4)

The equilibrium potential for a specific type of ions is equal to the Nernst

potential VN and can be calculated according to the Nernst equation:

Vi = VNi
=

RT

zF
ln

[i]ext

[i]int

, (3.5)

where R is the gas constant, T is the absolute temperature (in degrees Kelvin),
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z is the valence of the ion, F is the Faraday constant, and [i]ext and [i]int are the

concentrations of the ion in the extracellular and intracellular space, respectively.

For unspecific ion channels, through which different types of ions can pass, the

equilibrium potential is a mixture of the Nernst potentials that also depends on

the conductivity of the channels for the different ions. In this case the equilibrium

potential is calculated according to the Goldman-Hodgkin-Katz equation, which

in terms of the conductances can be reformulated in the following way:

Vi =
ΣgiVNi

Σgi

. (3.6)

3.2.1 Leak currents

Without voltage, synaptically or otherwise gated currents any neuron will have a

constant membrane potential that is exclusively determined by the leak currents.

Although the leak currents are carried by diverse ions that are flowing through dif-

ferent channels with different conductances, for practical reasons, they are mostly

comprised in a single term:

Il = gl(V − Vl). (3.7)

The leak conductance gl as well as the equilibrium potential of the leak current

Vl are mainly determined by K+ ions because they contribute with the highest

leak permeability, as well as by the Na+, Cl− ions and, to a less extent, Ca2+

ions.

The value of gl, especially in comparison to the conductances of other currents,

is an important parameter which determines the stability of the resting membrane

potential against voltage- and synaptically-induced currents. Changes of the leak

conductance, therefore, can have significant impact on the neuron’s excitability.

However, for most situations they can be considered constant.

The equilibrium potential Vl sets the voltage that the neuron achieves at rest

(typically around −70mV ). Its position in relation to the activation curves of

voltage-gated currents is an additional important factor with regard to the neu-

ron’s excitability.
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3.2.2 Voltage-gated currents

The voltage-dependent currents can be calculated in, principally, the same form

as the leak current.

Ii = g∗

i (V − Vi). (3.8)

However, the ionic conductances, as indicated by the ∗, are not constant but

change as a function of the membrane voltage and exhibit functionally important

time delays.

The best known examples of voltage-gated currents are the sodium (Na) and

potassium (K) currents that are required for generation of action potential (AP).

These currents have been originally analyzed by Hodgkin and Huxley for the

AP of the squid giant axon. In their ingenious work, Hodgkin and Huxley have

related these ionic currents to activation (opening) and inactivation (closing) of

ion channels which can go through different steps as a function of voltage and

time. Therefore, the factual conductance is calculated by

g∗

i (V, t) = gia
x
i (V, t)by

i (V, t), (3.9)

where gi is the maximum conductance which is achieved when all of the specific

voltage-gated channels are open. The fraction of open ion channels is given by

the activation and inactivation variables a and b (normalized to 1) which are

determined by different voltage- and time-dependent gating rules. The power

values x and y shall account for the different states through which the ion channels

are going during activation and inactivation. This is described in details in the

1952 work of Hodgkin and Huxley and in many subsequent papers but shall not

further be specified here.

In any case, the result is an approximately sigmoid voltage dependence of the

ionic conductance. This perfectly complies with experimental recordings in which

the voltage dependencies of ionic conductances can be measured. In contrast, the

gating variables are difficult to record.

Accordingly, actual modifications of the Hodgkin-Huxley-type models are often

built up on a simplified approach where the voltage dependencies of the activation

and inactivation variables are implemented by explicit sigmoid functions:
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Figure 3.2: A: Typical voltage dependencies for steady state activation (aNa∞ ,
aK∞) and inactivation (bNa∞) for sodium and potassium currents. B: correspond-
ing time dependencies of the activation aNa, aK and inactivation bNa.

ai∞ =
1

1 + exp(−sai
(V − Va0i

))
, (3.10)

bi∞ = 1 −
1

1 + exp(−sbi
(V − Vb0i

))
. (3.11)

Here, si is the slope of the sigmoid curve and V0i is the half-activation (inac-

tivation) potential that are achieved when half of the ion channels are opened

(closed).

Beyond the voltage dependencies, dynamically important properties are intro-

duced by the different time delays of current activation and inactivation. It is

easy to understand that the generation of action potentials is only possible be-

cause of the faster activation of Na than K currents - irrespective of the voltage

dependencies. Typical curves for voltage and time dependencies for activation of

both sodium and potassium currents and for inactivation of sodium current are

shown in Figure 3.2.

In the original Hodgkin-Huxley approach, the time delays follow complicated

voltage dependencies that were introduced to achieve the best fit of the model to

the experimental data under investigation, i.e. the shape of the action potential

(AP). In the actual modeling approach, the precise shape of the AP is of minor

interest. Major interest is laid on the generation of AP by the neurons, their firing

rates and impulse patterns.

Accordingly, in simplified versions, the voltage dependencies of the activation
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and inactivation time constants are mostly neglected. The time constants are, in-

deed, constant at all voltages. Moreover, the activation and inactivation variables

ai and bi follow the voltage-dependent changes ai∞ and bi∞ with simple first order

time delays (τai
and τbi

).

dai

dt
=

ai∞ − ai

τai

, (3.12)

dbi

dt
=

bi∞ − bi

τbi

. (3.13)

An additional simplification can be introduced when also the time-dependent

inactivation is neglected. This is justified because closing of ion channels, any-

how, appears due to the inherent voltage dependencies. Altogether, the current

equation can be written in a significantly simplified form:

Ii = giai(V − Vi), (3.14)

where gi still is the maximum conductance, while ai comprises the above described

voltage (Eq. 3.10) and time dependencies (Eq. 3.12).

3.2.3 Synaptic currents

The connections between neurons in neuronal networks can be made in different

ways: via gap junctions or via chemical synapses. In the conductance-based

approach, the synaptically introduced currents simply appear as additional terms

in the voltage equations (Eq. 3.2 or 3.3). However, their structure is completely

different depending on the type of connection.

Gap junctions are made by connexons (2 for each gap junction) that directly

connect the cells. They constitute an unspecific pore of mostly constant conduc-

tance through which ions can diffuse in both directions (from one neuron to the

other) according to the voltage difference between the neurons.

The gap junction current of an individual neuron connected with some number

n of the neighbored neurons can be described as the sum of the diffusive/electroto-
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nic currents:

Igj = Σggjj
(V − Vj), (3.15)

for j = 1 to n. Here (V −Vj) is the actual voltage difference between the individual

neuron and one of its neighbors j, and ggjj
is the conductivity which is made up

by the gap junctions between the two neurons.

Chemical synapses make unidirectional connections between a pre- and a post-

synaptic neuron without direct electrical contacts. In these cases, an action po-

tential in the presynaptic neuron leads to the release of chemical transmitters at

its synaptic terminals. The transmitter diffuses through the synaptic cleft to the

postsynaptic membrane (soma, dendrites or synaptic endings) where it binds to

specific receptors what leads to the opening or closing of ion channels. The current

is determined by the conductance of these transmitter-gated channels and by the

driving force of the ions which can pass through these channels.

Itgpost
= gtgatg(Vpost − Vtg), (3.16)

where Vpost is the membrane potential of the postsynaptic neuron and Vtg is

the equilibrium potential of the transmitter-gated channels. When these channels

allow different ions to pass, the equilibrium potential is determined by the con-

ductivity for the different ions and can be calculated in the same way as the equi-

librium potential for the leak currents. Different from the gap junction currents,

the driving force does not depend in any way on the voltage of the presynaptic

neuron but is only determined by postsynaptic properties.

The synaptic conductance is again calculated as the product of a maximum

conductance gtg (when all the transmitter-gated channels are open) and an acti-

vation variable atg which denotes to the fraction of the actually open ion channels.

This is, formally, the same structure as for voltage-gated currents. In this case,

however, the activation variable does not depend on the membrane potential but

on the concentration of transmitters in the synaptic cleft which is determined by

its release and elimination. Assuming that the opening and closing of transmitter-

gated channels is directly proportional to the transmitter concentration we, again,

can write the equation for the activation variable of transmitter-gated channels in
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the same form as for voltage-gated channels:

datg

dt
=

atgrel
− atg

τtg

. (3.17)

The variable atg, likewise, stands for the fraction of activated ion channels as

well as for the transmitter concentration. Accordingly, atgrel
reflects the trans-

mitter release which directly determines the activation. The time constant τtg

essentially accounts for the time delays of transmitter elimination. The time de-

lays of transmitter release can be adjusted by the value of atgrel
.

The function atgrel
formally corresponds to a∞ in the equation of voltage-

dependent currents and is modeled in the same way, i.e. by a sigmoid function:

atgrel
=

1

1 + exp(−sspike(Vpre − Vspike))
. (3.18)

However, in case of synaptic transmission it has a completely different mean-

ing comparing to the voltage-gated currents. This equation connects the pre-

and postsynaptic effects in determining the transmitter release and, hence, the

postsynaptic current activation in response on a presynaptic action potential.

Accordingly, the sigmoid function has an extraordinarily steep, almost threshold-

like voltage dependence which is given by sspike. Vpre is the presynaptic membrane

potential and Vspike is the half-activation potential for transmitter release. It is

set to a high potential value (e.g. at around −20mV ) which makes sure that an

action potential is required for transmitter release and postsynaptic current ac-

tivation. Physiologically, this function may reflect the activation of presynaptic,

high threshold Ca current which leads to the fusion of synaptic vesicles with the

presynaptic membrane and the release of transmitters.

Altogether, the manifold of pre- and postsynaptic processes which are involved

in synaptic transmission can be comprised in simplified, but physiologically justi-

fied, model equations with a similar form as for voltage-gated currents.

It is the major advantage of this conductance-based approach that it allows

to implement in a comparably simple, additive way a diversity of ionic currents,

from leak to voltage-gated, gap junction and transmitter-gated currents, and that

all these currents can be modeled with physiologically appropriate variables and
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parameters.

These are the basic functions on which a conductance-based model can be

built up and which will be used for the model of sleep-wake cycles - with one sig-

nificant extension according to its specific function, which is homeostatic synaptic

plasticity.

Computationally the model system was realized using the programming lan-

guage “C” and calculated by the well known numeric method of Runge-Kutta

(Fortsythe et al., 1977; Press et al., 1988; Butcher, 2003).
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Chapter 4

MODEL

The basic idea for the mechanism-based modeling of the homeostatic processes

comes from the experimental data that suggest that the firing of hypocretin neu-

rons during wakefulness is sustained by reciprocal excitatory connections with

other neurons, including local glutamate interneurons in the LHA (Li et al., 2002).

Weakening of these feedback loops results in decrease of firing activity, what cor-

responds to a reduction of wake drive, i.e. building-up of sleep pressure. The

proposal is that this weakening is a direct result of reduced synaptic efficacy due

to the ongoing firing of the neurons during wakefulness. During the silent sleep

state the synaptic efficacy recovers, thus, facilitating the reactivation of the neu-

rons, i.e. their transition to firing and awakening.

The thalamic neurons are assumed to be under the control of the hypothalamic

centers of sleep-wake regulation, including the hypocretin neurons in the LHA

with direct and/or indirect projections, e.g. via monoaminergic nuclei and/or the

ascending reticular activation system (ARAS). The excitatory hypocretin effects

during wakefulness can help to keep the thalamic neurons in an asynchronous

tonic firing state, while the lack of hypocretin input during sleep facilitates the

transition of thalamic neurons to burst discharges and synchronization.

The model is built up with a minimal set of only four neurons (Fig.4.1), because

major emphasis is laid on the synaptic connections and their state-dependent al-

terations. Two neurons are constituting the feedback loop for homeostatic sleep-

wake regulation, one representing the hypocretin neurons in the lateral hypotha-

lamus and another one the local glutamate interneurons. All inputs from other

nuclei, e.g. from the circadian pacemaker in the SCN, are comprised in exter-
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Figure 4.1: Schematic representation of the model of sleep-wake cycles. The
hypocretin neuron (HCRT) is synaptically innervating the glutamate (GLU) and
thalamic (TH) neurons with release of glutamate (glu) and co-release of hypocretin
(hcrt). The synaptic connection from the glutamate neuron to the hypocretin
neuron is solely made via glutamate release. The connection between the thalamic
neurons is realized via gap junction. The hypocretin neuron additionally receives
circadian input from the SCN in a form of a skewed sine wave.

nal currents to the hypocretin neuron. A minimal set of two additional neurons

is needed to demonstrate thalamic synchronization and desynchronization. For

simplicity, these two thalamic neurons are electrotonically coupled via gap junc-

tions. All other connections are made by chemical synapses. As a functionally

most important feature, synaptic transmission of the hypocretin neuron includes

a co-transmitter, the neuropeptide hypocretin, which is assumed to introduce the

relevant homeostatic mechanisms.

The neurons and their synaptic connections are implemented with a conduc-

tance-based approach as described in the previous chapter.

4.1 Membrane potentials

The neuronal membrane equations are given in the general form as described

above by the Eq.3.3. The membrane equations of different neurons can include

different current terms. All of the modeled neurons have the terms for leak current

Il and spike-generating Na and K currents INa and IK . The thalamic neurons

possess two additional terms for subthreshold currents to allow the generation of

membrane potential oscillations and burst discharges. Additional, functionally
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most important effects arise from specific types of synaptic currents.

Everywhere throughout the equations upper-case letters (HCRT, GLU and

TH) are used to indicate the neurons, while lower-case letters (hcrt and glu) refer

to the transmitters.

The membrane equations of the hypothalamic neurons are given by:

C
dVHCRT

dt
= −IlHCRT

− INaHCRT
− IKHCRT

− IgluHCRT

+Icircadian + IextHCRT
, (4.1)

C
dVGLU

dt
= −IlGLU

− INaGLU
− IKGLU

− IgluGLU
− IhcrtGLU

. (4.2)

These neurons are simulated with the minimal possible set of voltage-depen-

dent currents. The relevant dynamics arise from their reciprocal synaptic connec-

tions. The hypocretin neuron receives synaptic current input from the glutamate

neuron IgluHCRT
. Vice versa, the glutamate neuron receives glutamatergic current

input from the hypocretin neuron IgluGLU
. This synapse, however, additionally

releases the co-transmitter hypocretin which is considered by a second synaptic

current term IhcrtGLU
.

The hypocretin neuron possesses an additional term for the injection of ex-

ternal currents, which also allows to simulate, in a simplified way, a compound

synaptic current input from the circadian pacemaker neurons in the suprachias-

matic nucleus.

The membrane equations of the two thalamic neurons are identical:

C
dVTH

dt
= −IlTH

− INaTH
− IKTH

− INa,pTH
− IK,CaTH

− IgjTH

−IgluTH
− IhcrtTH

+ IextTH
+ InoiseTH

. (4.3)

These neurons, according to experimental data, should be able to change their

activity pattern from single spike (tonic firing) to grouped discharges (bursts).

This cannot be achieved with only spike-generating currents but can be realized

with two additional voltage-dependent current terms. There is a slow depolarizing

current which reflects a slowly activating, persistent sodium current INa,pTH
and

a slow repolarizing current which is modeled as a calcium-dependent potassium
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current IK,CaTH
. These currents activate below the threshold for spike generation,

and their interaction can give rise to slow subthreshold oscillations (described in

details in Braun et al., 2003b).

There are also diverse terms of synaptic currents. The term IgjTH
accounts for

the gap junction currents between the two neurons. Additionally, both thalamic

neurons are receiving synaptic input from the hypocretin neuron which introduces

two more synaptic current terms: one for the transmitter glutamate IgluTH
and

another one for the co-transmitter hypocretin IhcrtTH
.

An external current IextTH
is used to adjust the base-line activity of the tha-

lamic neurons. A noise term InoiseTH
is required to demonstrate the transitions

between asynchronous and synchronized states.

4.2 Membrane currents

4.2.1 Leak currents

The leak currents of all neurons are modeled in the same way:

Ili = gli(Vi − Vli), (4.4)

with identical values for the leak conductances gli and the equilibrium potentials

Vli , where i stands for HCRT, GLU and TH.

4.2.2 Voltage-gated currents

All voltage-gated currents are implemented according to the general form as de-

scribed in the Methods chapter. This leads to the following currents equations:

a) for the spike-generating currents appearing in all neurons (i = HCRT, GLU,

TH):

INai
= gNai

aNai
(Vi − VNa), (4.5)

IKi
= gKi

aKi
(Vi − VK), (4.6)
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b) for the additional subthreshold currents of thalamic neurons:

INa,pTH
= gNa,pTH

aNa,pTH
(VTH − VNa), (4.7)

IK,CaTH
= gK,CaTH

aK,CaTH
(VTH − VK), (4.8)

where VNa and VK are the equilibrium, i.e. the reversal, potentials of the fast

and slow sodium and potassium currents.

The parameters gNa, gK , gNa,p and gK,Ca are the maximum conductances which

can be achieved when all ion channels are activated through which the specific

currents can flow. The maximum conductances for the spike-generating currents

are much bigger then for the subthreshold currents to account for the strong

voltage deflections during an action potential compared to smaller subthreshold

oscillations.

In all cases, the activation variables a describe the actual ratio of activated

(open) ion channels (normalized to 1) which changes as a function of voltage and

time.

The voltage dependencies of the activation variables are provided by sigmoid

curves (for details see Methods):

aNai∞
=

1

1 + exp(−sNa(Vi − V0Na
))

, (4.9)

aKi∞
=

1

1 + exp(−sK(Vi − V0K
))

, (4.10)

aNa,pTH∞ =
1

1 + exp(−sNa,p(VTH − V0Na,p
))

. (4.11)

Such sigmoid curves are fully determined by their slopes s and half-activation

potentials V0. These values are completely identical for both of the spike gen-

erating sodium and potassium currents and are the same for all neurons. Only

the slope for the slow sodium current is smaller and the curve is shifted to more

negative values to achieve subthreshold activation (see Table 4.1). As an excep-
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tion, the slow repolarizing current does not have a voltage-dependent activation

variable. Its activation is directly connected to the slow depolarizing current (see

below).

The time dependencies of the activation variables are bringing in the function-

ally most important dynamics. For simplicity, the fast spike-generating sodium

current is considered to activate instantaneously, i.e. without any time delay. This

can be justified, considering that it is in any case much faster than all the other

currents.

aNai
= aNai∞

. (4.12)

It is the delayed activation of the fast potassium current which allows the even

faster sodium current to produce the strong upward deflection of the action po-

tential before the potassium current repolarises the membrane.

daKi

dt
=

aKi∞
− aKi

τK

. (4.13)

The time delays of the slow subthreshold system of thalamic neurons are much

longer (see Table 4.1). The depolarizing, subthreshold sodium current, similar to

the fast potassium current, activates with first order time delay:

daNa,pTH

dt
=

aNa,pTH∞ − aNa,pTH

τNa,p

. (4.14)

The equation for the slow repolarizing current has a different form. It is

modeled as a simplified version of calcium-dependent potassium current:

daK,CaTH

dt
=

−ηINa,pTH
− kaK,CaTH

τK,Ca

. (4.15)

The factor η directly connects IK,Ca to INa,p. This can be justified because the

INa,p-induced depolarization is the source for the inflow of Ca2+ ions through low-

voltage activated calcium channels with subsequent opening of calcium-dependent

potassium channels (for details see Braun et al., 2003a). The relaxation factor k

physiologically reflects the elimination of intracellular calcium by calcium pumps.

The values of η and k (see Table 4.1) in relation to the common time constant

τK,Ca determine the time delays of activation and inactivation.
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4.2.3 Synaptic currents

Synaptic currents are the major determinants for the system’s behavior. They

are either flowing through gap junctions between directly neighbored neurons or

through transmitter-gated ion channels of chemical synapses.

Gap junctions are implemented for the coupling between the two thalamic

neurons. They allow current flow in both directions

IgjTH
= ggjTH

(VTH − VTHneighbor
). (4.16)

The gap junction current, again, is determined by the conductance and the

driving force. ggjTH
reflects the compound conductivity which is made up by

all the gap junctions between the two neurons. The conductivity is considered

to be constant, and the gap junctions are assumed to be unspecific allowing all

kind of ions to pass according to their driving force. Accordingly, the effective

driving force for the gap junction current of an individual thalamic neuron is

given by the difference between its own voltage and that of its neighbor. With

only two neurons, the gap junction conductance is identical for both neurons, and

the current for one neuron is the same as for the other but with opposite sign.

Chemical synapses are making the reciprocal connections between the hy-

pothalamic glutamate and hypocretin neurons and also make the contacts from

the hypocretin neuron to the thalamic neurons (see Fig.4.1).

Information transmission through chemical synapses is unidirectional and

much more complicated than via gap junctions. It is initiated by presynaptic

action potentials and goes through different steps until postsynaptic currents oc-

cur. The translation of the physiological processes into mathematical equations

in a simplified, but functionally justified, form has been described in the Methods

chapter. In the following I will emphasize on specific features of the different

connections and their transmitter-gated currents.

The simplest connection is made by the projection from the glutamate in-

terneuron to the hypocretin neuron which is mediated by the transmitter gluta-

mate. According to the general form, the current equation can be written as:

IgluHCRT
= ggluHCRT

agluHCRT
(VHCRT − Vsyn). (4.17)

Synaptic projections from the hypocretin neuron additionally make use of the
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co-transmitter hypocretin which introduces a second current term at each synapse.

Igluj
= ggluj

agluj
(Vj − Vsyn), (4.18)

Ihcrtj = ghcrtjahcrtj(Vj − Vsyn). (4.19)

Igluj
represents the glutamate part of the synaptic transmission and Ihcrtj

accounts for hypocretin-induced currents, whereby j stands for the currents at the

glutamate (GLU) and the two thalamic (TH) neurons.

These equations for all the synaptic currents are formally identical to those of

voltage-gated currents. The actual postsynaptic conductance is again calculated

as the product of the maximum conductances gglu and ghcrt and the corresponding

activation variables aglu and ahcrt. The driving force is given by the difference

between the actual membrane voltage of the postsynaptic neuron Vj and the

corresponding equilibrium (reversal) potential of the synaptic currents Vsyn.

For simplicity, all synaptic equilibrium potentials are set to VNa (+50mV).

This value cannot be exceeded by the membrane voltage. Therefore, the driving

force and, accordingly, the synaptic current are always negative, what leads to a

depolarizing inward current, and the generation of excitatory postsynaptic poten-

tials (EPSPs). Inhibitory postsynaptic potentials (IPSPs) can be modeled in a

similar way but are not required for the present study.

Functionally important properties, again, are introduced by the voltage and

time dependencies of the activation variables which can be modeled with formally

identical equations as for the voltage-gated currents.

The synaptic activation variables change with first-order time delays

dagluHCRT

dt
=

aGLUrel
− agluHCRT

τglu

, (4.20)

dagluj

dt
=

aHCRTrel
− agluj

τglu

, (4.21)

dahcrtj

dt
=

aHCRTrel
M − ahcrtj

τhcrt

, (4.22)
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and sigmoid voltage dependencies

aGLUrel
=

1

1 + exp(−ssyn(VGLU − Vspike))
, (4.23)

aHCRTrel
=

1

1 + exp(−ssyn(VHCRT − Vspike))
. (4.24)

Despite of the, principally, identical mathematical expressions, the physiolog-

ical meaning of the synaptic variables and parameters is different from those of

voltage-gated currents in major respects. These equations comprise several steps

of synaptic transmission, from presynaptic transmitter release to the opening of

transmitter-gated ion channels at the postsynaptic membrane (see Methods).

Most importantly, compared to voltage-gated channels, the activation of trans-

mitter-gated postsynaptic channels does not depend on the postsynaptic mem-

brane potential but on the transmitter concentration. Accordingly, the time

dependencies (Eqs. 4.20-4.22) first of all reflect the accumulation and degra-

dation/diffusion of the neurotransmitters in the synaptic cleft.

The accumulation is represented by aGLUrel
and aHCRTrel

and the elimination

is proportional to actual activation values aglu and ahcrt which change with time

constants τglu and τhcrt, respectively. The function of the additional multiplication

factor M in the Eq.4.22 is described further below.

In case of glutamatergic transmission, which is considered to act via directly-

gated ionotropic receptors (Fig. 4.2A,a), it can be expected, in a rough approxi-

mation, that the activation of postsynaptic receptors aglu is directly proportional

to the transmitter concentration.

The situation is different for the co-transmitter hypocretin which binds to

metabotropic receptors. In this case, the activation of ion channels ahcrt is medi-

ated via a G-protein coupled second-messenger cascade (Fig. 4.2A,b) which intro-

duces significant time delays. This is considered, in a simplified form, by a longer

time constant τhcrt (see Table 4.1) which leads to physiologically appropriate time

delays of the postsynaptic potentials (Fig. 4.2B).

The amplitude of the metabotropic hypocretin-induced current, and, the-

refore, its postsynaptic potential, is much smaller comparing to the directly-gated,

ionotropic glutamate-induced currents. With the above equations, this physiolog-
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Figure 4.2: A: Simplified scheme of a synapse with ionotropic and metabotropic
receptors. The presynaptic terminal contains vesicles with glutamate (circles)
and hypocretin (triangles). Glutamate acts via fast, ionotropic receptors which
are an integral part of the ion channels (a). Hypocretin binds to metabotropic
receptors (b) which activate remote ion channels via a G-protein coupled second
messenger cascade. B: Comparison of postsynaptic potentials from ionotropic and
metabotropic receptors. A single presynaptic action potential in the hypocretin
neuron (upper panel) induces postsynaptic potentials in the postsynaptic gluta-
mate neuron (lower panel) of different amplitudes and time delays depending on
the activation of ionotropic (solid line) or metabotropic receptors (dashed line).

ically well known effect must not be introduced separately but is a direct conse-

quence of the longer time constants. The reason is, that the activation variable

reaches smaller values during the short rise time which is given by aGLUrel
and

aHCRTrel
.

The parameters aGLUrel
and aHCRTrel

reflect transmitter release due the occur-

rence of presynaptic action potentials. This is considered by the steep sigmoid,

almost threshold-like activation curves (Eqs.4.23 and 4.24). In these equations

VGLU and VHCRT are the membrane potentials of the presynaptic cells. Vspike is

the half-activation potential for transmitter release and ssyn is the slope of the

curves, which is set to a high value to provide an almost step-like increase. Vspike

and ssyn are set to determine the ”threshold” of spike-dependent transmitter re-

lease and are identical for all neurons. Moreover only one sigmoid curve (Eq.4.24)

is required for both glutamate and hypocretin which are released from the same

presynaptic terminal of the hypocretin neuron.

4.2.4 Synaptic plasticity

The most important dynamics of homeostatic sleep-wake regulation are introduced

by state-dependent changes of the efficacy of synaptic hypocretin effects. This is
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implemented via the modulation function M that scales the activation variable

of hypocretin-induced postsynaptic current (Eq.4.22). The idea is that (1) the

synaptic efficacy of the neuropeptide hypocretin decreases with each spike of the

hypocretin neuron and (2) this effect is antagonized by a continuous recovery

process (see Chapter 2). Accordingly, the modulation function M comprises two

terms, one for the recovery of the synaptic efficacy and one for its decrease:

dM

dt
= Mmax−M

τinc
−

aHCRTrel
M

τdec
. (4.25)

The term for elimination is the second one which goes in with a negative

sign. It depends on (aHCRTrel
) which stands for the release of hypocretin into the

synaptic cleft whenever the hypocretin neuron spikes. The degree of decrease with

each spike is scaled by the time constant τdec. It additionally depends on the actual

value of the modulation variable M which shall consider that the decline is smaller

when the synaptic efficacy is already weakened. This can account for a reduced

availability of hypocretin in the presynaptic terminal due to its spike-dependent

release as well as for postsynaptic internalization of hypocretin receptors due to

the activity-dependent hypocretin concentrations in the synaptic cleft.

The first term accounts for the recovery process, i.e. the increasing synaptic

efficacy which may reflect, according to the above mentioned alternatives, a con-

tinuous supply of hypocretin by the neurons’ and its transportation to the synaptic

terminals or the re-embedding of postsynaptic receptors. Such a recovery process,

of course, cannot continue to infinity but will go into saturation. Here, the maxi-

mum value is given by Mmax which the recovery process approaches exponentially

with a time constant τinc.

It is important to note that the recovery and depletion terms are not inde-

pendent but interconnected via the common variable M . Although the spike-

dependent degradation term does not play any role during the silent states of

the hypocretin neuron, the recovery term is continuously active, also in the firing

states where both functions superimpose.

4.2.5 External currents

External currents are introduced to account in a simplified form for additional

inputs from other brain nuclei. These currents can be considered as unspecific,
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compound synaptic input from a manifold of neurons. Such simplification is often

used in neuronal network simulations, e.g. in the well known Hopfield networks

(Hopfield et al., 1983; Gu and Liljenström, 2007).

In case of thalamic neurons, the external input goes to both neurons and

is used to tune the activity pattern according to a physiologically reasonable dy-

namic state. In the model of the homeostatic network, only the hypocretin neuron

receives external input. It is mostly used to activate the network with a simple

current pulse which allows more clear illustration of the internal homeostatic dy-

namics without any superposition with continuous external modulation. Only for

the demonstration of periodic sleep-wake transitions, the homeostatic network re-

ceives gradually changing input from the circadian pacemaker. It is implemented

in the form of skewed sine function as proposed by for the original two-process

model by Daan and colleagues (1984).

Icircadian = Ac(0.97sin(wct) + 0.22sin(2wct) + 0.07sin(3wct)

+0.03sin(4wct) + 0.001sin(5wct) + 1). (4.26)

The parameter Ac scales the amplitude and wc is the angular frequency of the

circadian current.

4.3 Stochastic components (noise)

Membrane currents, apart from their systematic modulation, always exhibit ran-

domly appearing fluctuations. To account for such stochastic components, gen-

erally a separate term of a noise current is added. It is mostly implemented

as Gaussian white noise which, according to Fox et al., (1988), is given by the

equation:

InoiseTH
=

√

(−4D/∆t)ln(a)cos2πb, (4.27)

where ∆t is the time step of integration, and a, b ∈ [0, 1] are uniformly distributed

random numbers. The noise intensity is adjusted by the parameter D which

corresponds to the standard deviation of the Gaussian distribution of noise values.

Noise can make the simulations appearing physiologically more realistic while

it does not necessarily introduce systematic changes of the model’s dynamics.

This is the case for the here described phenomena of the homeostatic sleep-wake
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regulation. Therefore, the underlying principles are better illustrated without

disturbances by noise.

A noise term only appears in the membrane equations of thalamic neurons.

In this network of only two identical neurons with identical synaptic inputs, the

noise current is needed for de-synchronization and, in a simplified form, can intro-

duce typical effects of current fluctuations which naturally arise in larger networks

(Postnova et al., in print a).

The full set of neuronal and synaptic equations constitutes a model system

which allows to examine the dynamics of a homeostatic process and its interaction

with a circadian signal and thalamic neurons on a physiological basis. The list of

numerical parameters values is given in the Table 4.1.

For practical reasons, most of the simulations are run for seconds instead of

hours. Only the simulation with the circadian current input which illustrates

periodic sleep-wake transitions is run during “real-time” cycle of 24 hours. To

achieve the appropriate synaptic changes within seconds, instead of hours, the

time delays τinc and τdec of the function M have been adjusted by the factor of

3600 (seconds per hour). All other parameters are identical.
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Table 4.1: Numeric values of the model parameters. A: The parameters of the in-
dividual neurons. Here TH, HCRT and GLU correspond to the thalamic, hypocre-
tin and glutamate neurons, respectively. gi are the maximum conductances for
the ionic currents, and Vi are the equilibrium potentials. V0i and si are the half-
activation potentials and slopes for the voltage dependencies of the activation
variables. τi are the time delays for the activation of the corresponding ionic cur-
rents. The factors η and k determine the dynamics of the Ca-dependent K current
(for details see text). B: The parameters for the synaptic currents and external
inputs. Here Vsyn is an equilibrium potential for the transmitter-gated synaptic
currents. Vspike and ssyn are the half-activation potential and slope, which are set
to determine the threshold of the presynaptic spike-generation. τglu and τhcrt are
the time delays for the activation of the postsynaptic currents due to the activa-
tion of the glutamate and hypocretin receptors respectively. τinc and τdec are the
time delays of the modulation function M , and Mmax is a maximum value of M .
Ac and wc are the amplitude and angular frequency of the circadian current, while
IextHCRT

is an amplitude of the current pulses applied to the hypocretin neuron.
All of the conductances are given in µS/cm2; voltages - in mV ; half-activation
slopes are in mV −1; time delays - in ms; current amplitudes in µA/cm2, and
Mmas, η and k are dimensionless.
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Chapter 5

RESULTS

The results section comprises three parts across which the model is continuously

extended. It starts with simulations of homeostatic mechanisms (5.1) which then

will be connected to a circadian process (5.2) and further to a model of thalamic

synchronization (5.3).

The results demonstrated in the first two parts will be published in the De-

cember 2009 issue of Journal of Biological Rhythms (Postnova et al., in pint b).

The results shown in the third part of the section are partly published and partly

in pint in Journal of Biological Physics (Postnova et al., 2007b), Journal of Phys-

iology Paris (Postnova et al., in print a) and Journal of Cognitive Neurodynamics

(Postnova et al., in print c).

The first part about homeostatic sleep-wake regulation (5.1) describes how

the proposed physiological mechanisms are translated into a mathematical model.

This shall be done step by step to elucidate the dynamics which are introduced

by the specific model components. The focus will be laid on the synapses with

classical transmitter glutamate and activity-dependent co-transmitter hypocre-

tin and on the excitatory feedback loop between the hypocretin and glutamate

neurons. The dynamics of the homeostatic system shall further be illustrated in

response to external disturbances which, for example, can reflect the effects of

sleep deprivation and/or forced awakening by an alarm clock.

In the second part (5.2) the model of homeostatic mechanisms will be con-

nected to a circadian input for the simulation of regular sleep-wake cycles on a

real 24 hours time scale. Major emphasis will be laid on the elucidation of partic-

ular aspects of sleep-wake transitions which develop from the interactions of the
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homeostatic and circadian processes at the level of neuronal impulse generation.

The third part (5.3), introduces a mathematical model of thalamic neurons

with specific features for the generation of impulse groups (bursts) as well as

of single spike activity. These neurons will be fed by the synaptic input from

the hypocretin neuron of the homeostatic model with circadian input. It will be

demonstrated that under influence of the introduced sleep-regulating processes

the thalamic neurons can undergo the transitions between the asynchronous tonic

firing activity and synchronized burst discharges according to the transitions be-

tween wakefulness and sleep.

Accordingly, as the outcome of these simulation studies, a simplified but phys-

iologically plausible model of sleep-wake cycles can be presented. It connects

homeostatic sleep mechanisms with circadian process and thalamic neurons and

accounts for experimentally observed alterations of the activity pattern of hy-

pothalamic wake-active neurons and for the associated changes of thalamic im-

pulse patterns and synchronization states.

5.1 Homeostatic mechanism

The homeostatic regulation of sleep-wake cycles is ascribed to activity-dependent

alterations of the synaptic efficacy of hypocretin neurons in the lateral hypotha-

lamus (LHA). These neurons are reciprocally connected to local glutamate in-

terneurons (Li et al., 2002). To emphasize on the dynamically relevant alterations

of synaptic transmission, the model considers only two neurons (schematically il-

lustrated in Fig.5.1). One represents the hypocretin neurons (HCRT) and synap-

tically innervates the other one, representing the glutamate neurons (GLU), via

the co-release of glutamate (glu) and hypocretin (hcrt). The backward synaptic

connection from the glutamate to the hypocretin neuron is modeled in a more

simple way, i.e. with the release of only one transmitter - glutamate (glu).

The model parameters have been adjusted in such way that both neurons are

silent without an external stimulus. Activation of the neuronal circuit is achieved

with external stimuli which are exclusively applied to the hypocretin neuron. In

this section, for an easier illustration of the internal homeostatic dynamics, these

stimuli are represented by simple current pulses. The current amplitude is set

to a level which allows (1) to induce firing of sufficiently high frequency in the
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Figure 5.1: Schematic representation of the feedback model. The hypocretin
(HCRT) neuron is synaptically innervating the glutamate (GLU) neuron with
release of glutamate (glu) and co-release of hypocretin (hcrt). The synaptic con-
nection from the glutamate neuron to the hypocretin neuron is solely made via
glutamate release. The hypocretin neuron additionally receives external input in
form of current pulses.

hypocretin neuron (2) to activate the glutamate neuron via synaptic transmission

from hypocretin neuron and, thereby, (3) to keep the network in an active state

through the excitatory reciprocal connections. The important point is that spiking

in the glutamate neuron can only be induced by combined action of the transmitter

glutamate and its co-transmitter hypocretin and that the synaptic efficacy of

hypocretin can significantly change.

5.1.1 The glutamatergic synapse with co-release of

hypocretin

The basic characteristics of the glutamatergic (glu) synapse with co-release of

hypocretin (hcrt) can best be illustrated when the presynaptic firing is kept con-

stant and alterations of synaptic efficacy can be neglected. This can be achieved

when the reciprocal connection from the glutamate to the hypocretin neuron is

eliminated (ggluHCRT
= 0 in Eq.4.19) and the modulation function M of hypocretin

transmission is kept constant at its initial value M = Mmax, i.e. dM/dt = 0. An

external current pulse is applied to induce a constant firing rate in the hypocretin

neuron. The postsynaptic effects of the individual transmitters and their superpo-

sition are illustrated in Figure 5.2 which demonstrates the dynamically relevant

feature of this synapse: with the chosen parameter settings neither glutamate

nor hypocretin alone is sufficient for postsynaptic spike generation. It needs a

combined action of both.

Glutamate acts via ionotropic receptors inducing fast postsynaptic potentials

(PSPs) of comparably high amplitudes but with only minor superposition (c). The
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Figure 5.2: Postsynaptic potentials via ionotropic and/or metabotropic receptors
in response to a presynaptic spike train. A depolarizing current Iext (a) induces
a continuous train of action potentials in the hypocretin neuron (b) which can
initiate postsynaptic potentials in the glutamate neuron of different form depend-
ing on the postsynaptic receptors. Activation of glutamate receptors induces fast
potential deflections (c), while postsynaptic potentials via hypocretin receptors
superimpose to an almost gradual depolarization. The threshold for postsynaptic
spike generation is only reached when the effects of both types of receptors are
combined (e). The postsynaptic spikes appear with a certain delay ((e) arrow),
because hcrt PSPs need time for sufficient superposition. The parameters’ values
are: (c) ggluGLU

= 0.15µS/cm2; (d) ghcrtGLU
= 0.2µS/cm2.
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PSPs which are generated due to activation of metabotropic hypocretin receptors

are smaller but have longer decay times and, therefore, can superimpose to reach

an almost constant depolarization (d). Postsynaptic spikes can only be initiated

when both effects are combined, i.e. when the fast, glutamate-induced PSPs act

at a postsynaptic membrane which is additionally depolarized by hypocretin (e).

This leads to a certain time delay between firing onsets of the pre- and postsynap-

tic neurons ((d) arrow) because it needs several presynaptic action potentials for

sufficient summing-up of the hypocretin-induced PSPs at the glutamate neuron.

It is assumed that the relevant changes which can account for a homeostatic

process appear at such glutamatergic synapses with co-release of hypocretin.

5.1.2 Activity-dependent change of hypocretin effects

In this neuronal model the homeostatic changes are attributed to alterations of

the hypocretin synaptic efficacy which decreases during wakefulness and recovers

during sleep. The decrease is related to the appearance of presynaptic spikes, while

the recovery is a continuously ongoing process (for details see Model chapter).

To account for the state-dependent changes of synaptic efficacy, the modulation

function M , which is scaling the activation variable of hypocretin transmission, has

been introduced. According to the different mechanisms for decline and recovery,

the function M has two different terms (Eq.4.25). Figure 5.3 illustrates how

these mechanisms are acting together over a longer period of time. The feedback

connection is still eliminated (ggluHCRT
= 0 in Eq.4.19) to focus on the state-

dependent alteration of the synaptic transmission from the hypocretin to the

glutamate neuron.

In the example of Figure 5.3, a long-lasting depolarizing current Iext (a) is ap-

plied to induce firing in the hypocretin neuron (b). Firing of the hypocretin neu-

ron is of sufficiently high frequency to synaptically activate the glutamate neuron

(c). The subsequent effects result from the activity-dependent synaptic plasticity.

High frequency firing of the hypocretin neuron leads to the spike-dependent at-

tenuation of the postsynaptic hypocretin effects (second term in Eq.4.25) which is

much stronger than the recovery process (first term in Eq.4.25). This is reflected

in the approximately exponential decrease of the modulation function M (d). As

a consequence the synaptic efficacy is reduced, and the firing of the postsynaptic

glutamate neuron slows down, and, finally, ceases when M goes below a certain
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Figure 5.3: Effects of synaptic weakening on postsynaptic activity. A depolarizing
current pulse Iext (a) induces firing in the presynaptic hypocretin neuron (b) which
synaptically activates the postsynaptic glutamate neuron (c). The postsynaptic
firing rate depends on the value of M (d) which decreases with each presynaptic
spike (spike-dependent decrease of the synaptic efficacy) and finally terminates
postsynaptic firing. The M function can recover when also the presynaptic firing
is switched off. The parameters’ values are: ggluGLU

= 0.15µS/cm2, ghcrtGLU
=

0.135µS/cm2, M0 = 1.
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value (c).

The hypocretin neuron stops firing only when the stimulus is switched off.

This allows the hypocretin synaptic strength to recover. The value of M increases

towards its maximum Mmax in an exponential form because the steepness of the

recovery process is proportional to the distance between M and Mmax.

Also the decline of M during the preceding firing phase becomes smaller the

closer the M value comes to its minimum which is set to zero. However, it will

never reach zero and also its time course is not precisely exponential. This is due

to the fact that the recovery process continues also during the firing state. At

high values of M the spike-dependent decline clearly predominates but it weakens

along with decrease of M . Simultaneously, the recovery process is enhanced. After

sufficiently long firing of the hypocretin neuron the value of M will reach a steady

state, when the terms for decline and recovery become equally strong.

In this neuronal model, the terms for wake-dependent decrease and sleep-

dependent recovery of the homeostatic function are interlinked. Both terms de-

pend on the actual value of M (see Eq.4.27). In the firing state they co-exist

because recovery is a continuously ongoing process. These interdependencies can

lead to complex dynamics, especially, when the reciprocal connections are consid-

ered.

5.1.3 Effects of reciprocal excitatory connections

Completing the feedback loop by a reciprocal excitatory connection from the glu-

tamate to the hypocretin neuron introduces new, important dynamics. This back-

ward connection is realized via a simple glutamate synapse which is sufficiently

strong to induce a postsynaptic action potential with each presynaptic spike.

A particularly prominent property of the reciprocal excitatory feedback loop

can immediately be recognized in Figure 5.4. It illustrates that even a brief

stimulus (a) can induce ongoing firing in both neurons (b). The stimulus has to

be of sufficient strength and duration to generate a short train of spikes in the

hypocretin neuron, which can activate the glutamate neuron. Once both neurons

are firing, no further external input is required because spiking is sustained by the

reciprocal connection.

Firing can persist as long as it is not interrupted by an external hyperpolarizing

input or by an intrinsic process. In the presented model, it is an intrinsic process,

63



f
[H

z](b)

50

0

time [s]

0 15 30

a
hc

rt
G

LU

(a) A
/c

m
µI e

xt

2

(c)

0.65

M

(d)

1.05

0.1

0.0

[  
   

   
   

   
]

Figure 5.4: Activity of reciprocally coupled neurons during synaptic weakening.
A short depolarizing stimulus (a) induces firing in the hypocretin neuron ((b) fir-
ing rate in black) which synaptically activates the glutamate neuron ((b) gray).
Firing sustains after the stimulus due to the reciprocal excitation. It is switched
off because of the activity-dependent decline of the modulation function M (c)
which attenuates the activation variable ahcrtGLU

(d) of the hypocretin-induced
postsynaptic current. The parameters’ values are: ggluHCRT

= 0.196µS/cm2,
ggluGLU

= 0.15µS/cm2 and ghcrtGLU
= 0.2µS/cm2, M0 = 1.
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i.e. the spike-dependent decline of the synaptic efficacy M (c). The decline of

M leads to a decrease of the activation variable ahcrtGLU
(d). This decreases the

firing rate of the glutamate neuron (gray line in (b)) which, in turn, weakens the

glutamatergic input to the hypocretin neuron. Consequently, the firing rate in

the hypocretin neuron slows down (black line in (b)).

The decreasing firing rate of the hypocretin neuron additionally weakens the

hypocretin synaptic transmission due to the frequency-dependent superposition of

postsynaptic potentials. This effect is reflected in the activation variable ahcrtGLU

which depends not only on the modulation function M but also on the variable

aHCRT∞ (see Eq.4.22). This variable is activated by the occurrence of presynaptic

spikes and induces long-lasting postsynaptic effects according to the time con-

stant τhcrt. This allows superposition of postsynaptic potentials depending on the

intervals between the presynaptic spikes, i.e. the presynaptic firing rate.

The reduction of the activation variable ahcrtGLU
(d) due to the frequency

decline is a functionally important property of this feedback loop. The decrease

continues even when the modulation function M (c) slowly approaches a steady

state and, finally, leads to the cessation of firing. At this point, the synaptic

activation variable drops to zero, while the synaptic efficacy starts to gradually

recover.

The transition from firing to silence in the neuronal model may be related to

the transition from wakefulness to sleep on the behavioral level. In this model, it

needs only a short external (wake-up) stimulus for the induction of initial firing.

All subsequent changes occur due to the internal dynamics of the system: 1) The

neurons keep firing (wakefulness) due to the reciprocal excitatory connections; 2)

The transition to silence (sleep) occurs due to the decreasing efficacy of hypocretin

transmission.

The increase of the modulation variable M in the silent (sleep) state can be

taken as an indicator of decreasing sleep intensity in the course of night, and its

decrease during the firing (wake) state may reflect an increasing sleep pressure.

The activation variable ahcrtGLU
can be associated with such a physiological pa-

rameter like alertness. It declines in the course of the active (wake) state and

is zero during the silent (sleep) state. Especially, it depends not only on the

homeostatic variable M but also on the firing rate. This means that alterations

of the firing rate by any external stimuli can have direct impact on the synaptic

transmission and, thereby, can overwhelm the internal homeostatic effects.
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Figure 5.5: Interruption (A) and prolongation (B) of neuronal firing (awake state)
by external stimuli. External currents (a) are applied to the hypocretin neuron.
Panel (b) shows the frequency of the glutamate neuron and (c) the synaptic effi-
cacy M . For comparison, gray curves show the responses under control conditions
when only the first current pulse is applied (same as in Figure 5.4). Dashed boxes
in (c) indicate the functionally relevant deviations. Time differences are empha-
sized by their dark parts. A: A transient interruption of firing (nap) results in a
lengthening of the total firing state (awake time) B: Enforced prolongation of fir-
ing leads to a decline of M to lower values which lengthens the synaptic recovery.
The parameters’ values are the same as in Figure 5.4.

5.1.4 State-dependent effects of external stimuli

Functionally relevant alterations of the system’s dynamics during the silent (sleep)

or firing (wake) state can be assessed by the system’s response to external stimuli

when they are applied in different states. The simulations in Figures 5.5 and 5.6

illustrate well known phenomena which can be observed when regular sleep-wake

cycles are disturbed, e.g. by a nap during the wake-phase (Fig.5.5A), by sleep

deprivation (Fig.5.5B), or by wake-up stimuli during the night (Fig.5.6).

Figure 5.5A illustrates the effect of a transient interruption of the firing state

(black curves, only the frequency of the glutamate neuron is shown) in comparison

with an undisturbed state (gray curves) which already has been presented in

Fig.5.4. In both cases, the neurons are activated by a short current pulse (a).

Interruption of firing by a hyperpolarizing pulse allows the modulation function

M ((c) black) to recover. When firing is reinstalled by a second depolarizing pulse,

M has reached a much higher value than before the hyperpolarizing input or under

control conditions. Accordingly, it needs more time to reduce the function M to
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a value where firing can no longer be sustained. The transient interruption of 2 s

(indicated by the light dashed bars) is even overcompensated by additional 0.7 s

prolongation (dark bar) of the firing state.

The transient interruption of an otherwise ongoing firing may have its behav-

ioral correlate with a nap and can demonstrate its positive effects. It does not

only extend the waking time but also can enhance the alertness. The firing rates

after the nap are slightly higher than under control conditions.

The example in Figure 5.5B is illustrated in the same way as in Figure 5.5A,

showing the control curves from Figure 5.4 in gray. In this example an additional

depolarizing current is applied (a) to increase the firing rate of the hypocretin

and glutamate (b) neurons and, thereby, to prevent the transition to a silent

state. This leads to a prolonged decrease of the modulation function M ((c), the

lower dotted line indicates the level of M where transition to silence occurs under

control conditions). When the external stimulus is turned off, the neurons switch

to the silent state and the function M starts to recover. However, due to the lower

starting point, a significantly longer time is required until M reaches the threshold

value where firing could be reinstalled by the same current pulse as before ((c),

upper dotted line). Compared to control conditions, the recovery time is 1.5 s

longer (see light and dark gray bars in (c)).

In behavioral terms, this effect of the prolonged firing may reflect externally

induced sleep deprivation. It results in a subsequent sleep rebound which is indi-

cated by the lengthening of the recovery process.

The impact of synaptic recovery to the reactivation of the neurons is illus-

trated in Fig.5.6. In these simulations, excitatory stimuli of identical duration

and amplitude have been applied at different times after the transition to silence.

In Figure 5.6A, after only a short time of silence, the excitatory stimulus (a) in-

duces spikes in the hypocretin neuron (b) which, however, cannot activate the

glutamate neuron (c). The slightly recovered value of M (d) is too low to induce

strong enough hypocretin effects (e). When the same stimulus is set later in the

silent phase (Fig.5.6B), after further recovery of M , the glutamate neuron can

be activated. However, firing stops when the stimulus is switched off. In this

case, the firing frequency is still too low for sustained activation of the reciprocal

excitatory circuit. When the stimulus is applied after a slightly longer recovery

period (Fig.5.6C), sustained activation can be induced. At this point, M still has

not reached its previous maximum value. This means that its lower threshold
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Figure 5.6: State-dependent effects of external stimuli during synaptic recovery
(sleep). The first of the two current pulses (a) initiates long lasting firing in
both the hypocretin (b) and glutamate (c) neurons. Firing is terminated after 20
seconds by the decreasing value of M (d) and the, thereby, attenuated hypocretin
activation variable ahcrtGLU

(e). The second pulse is applied at different times
after the cessation of firing: 22 s in A, 25 s in B and 28 s in C. These pulses
are sufficiently strong to induce firing in the hypocretin neuron. However, early
in the recovery state (A), the glutamate neuron cannot be activated. At a later
state with stronger recovery (B), the glutamate neuron fires but stops when the
stimulus is switched off. With a slightly longer delay (C), the synaptic efficacy
has become strong enough for the induction of sustained firing. The parameters’
values are the same as in Figure 5.4.
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for spike-generation is reached in shorter time, and that the firing state is clearly

shorter than before. This effect reflects a general principle, similar to the previous

examples: the actual value of M at a moment of transition influences the time

course of the following state.

Translated to the behavioral level, the shortening of the firing state after a

shortened state of silence can be understood as falling asleep earlier after a short

night. The different effects of external stimuli in different sleep phases may fit to

the observation that a wake-up stimulus is more effective towards the morning.

Of course, a sufficiently strong and long-lasting stimulus can bring the system in

an active (wake) state at any time.

The following chapter shall demonstrate that these homeostatic mechanisms,

connected to a circadian process, allow to simulate cyclic transitions between

sleep and wake states in a physiologically appropriate time relation. It will also

elucidate new, dynamically important properties which arise from the interaction

of the two processes on a neuronal level.
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5.2 Circadian drive

Until now the focus was laid on the functional characteristics of the proposed

homeostatic process and, therefore, firing was initiated by external current pulses.

In the following simulations a periodic, gradually changing current is applied, in-

stead of the pulse-like stimuli, in order to simulate a circadian modulation of the

hypocretin neurons by direct or indirect projection from the SCN (Fig. 5.7).

SCN

glu
GLUHCRT

hcrt+glu

Figure 5.7: Schematic representation of the homeostatic model driven by a cir-

cadian current. The hypocretin (HCRT) neuron is synaptically innervating the

glutamate (GLU) neuron with release of glutamate (glu) and co-release of hypocre-

tin (hcrt). The synaptic connection from the glutamate neuron to the hypocretin

neuron is solely made via glutamate release. The hypocretin neuron additionally

receives external input from the circadian pacemaker in the SCN in a form of a

skewed sine wave.

The shape of the circadian current is the same as in the two-process model

(Daan et al., 1984). The amplitude of the circadian current was adjusted to the

threshold of spike initiation so that the hypocretin neuron is activated a couple

of hours before the circadian current reaches its maximum. This is related to the

observation that the maximum activity of the SCN neurons is achieved during the

subjective day, some hours after awakening (for review see Mistlberger, 2005).

To demonstrate that the homeostatic mechanisms, which so far have been

simulated on a time scale of seconds, can easily be transferred to a realistic time

scale of hours, the simulations in Figure 5.8 were run with 24 hours cycle periods.

The adjustments have been made by multiplication of the decline and recovery

parameters (τdec and τinc) of function M by 3600 (seconds per hour). This leads

to a longer time of sustained firing and to a longer recovery phase, but does not

change the principle model dynamics.
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Figure 5.8: The influence of a circadian current on the homeostatic dynamics. An
external current (a) is applied to the hypocretin neuron in form of a skewed sine-
wave with a period of 24 hours. At a certain current value, the hcrt neuron starts
to fire ((b) black curve) what, with a slight delay, induces spikes in the glutamate
neuron ((b) gray curve). These transitions appear when also the modulation
function M (c) has reached a comparably high value. During the active state, M
decreases but already has turned to slightly increasing values when the transition
to the silent state occurs. This transition appears due to the still decreasing
activation variable ahcrtGLU

(d) which is essentially caused by the still decreasing
current input (a). The parameters’ values are: ggluHCRT

= 0.299µS/cm2, ggluGLU
=

0.1µS/cm2 and ghcrtGLU
= 0.13µS/cm2.

71



Additional slight adjustments, not related to the up scaling of the simula-

tion time, were made with regard on the maximum conductances of postsynaptic

currents (for the values see figure caption). These adjustments were required to

compensate for the different forms of the input current. A pulse-like stimulus

only transiently interferes with the model dynamics, while the circadian input is

continuously modulating the dynamics of the homeostatic feedback system. This

has several quantitative as well as qualitative consequences.

When the circadian input (a) exceeds the critical value of 0.82 µA/cm2 it

initiates firing in the hypocretin neuron ((b), black curve) which subsequently

activates the glutamate neuron ((b), gray curve). In the first phase of the active

state, the firing frequency of the hypocretin neuron is essentially determined by

the strong circadian input which induces much higher firing rates than the short

current pulse. This leads to an immediate and strong decline of the modulation

function M (c) which also reduces the activation variable ahcrtGLU
(d). Conse-

quently, the firing rate of the glutamate neuron also decreases ((b), gray curve)

even as the firing rate of the hypocretin neuron ((b), black curve) still increases.

The initial strong decline brings the modulation function M to such low values

that the ongoing recovery process begins to dominate. Towards the end of the

active phase, M goes through a minimum and starts to increase. Nevertheless, the

activation variable continues to decrease which, now, is the result of the decreasing

firing rate. This frequency effect could also be seen in the previous examples.

In the actual simulation it is additionally strengthened by the still decreasing

input from the circadian pacemaker current. Finally, firing is terminated by the

further decrease of the activation variable. The transition to silence happens at

an intermediate state of sufficiently low values of the circadian input and the

homeostatic function. After recovery firing is reinstalled by the circadian input

which activates the hypocretin neuron. The glutamate neuron follows with a short

delay.

Altogether, the homeostatic model with circadian input allows to simulate

the major characteristics of hypocretin neurons, i.e. their transitions between

silent and firing states in agreement with the experimental observations of the

neuronal activity along the sleep wake-cycles. These simulations additionally have

elucidated dynamically important interactions between the two sleep-regulating

processes. Particularly, it has been shown that the transitions between sleep and

wakefulness can arise from the intrinsic system’s properties and do not require the
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explicit sleep and wake threshold as introduced in the original two-process model

(Daan et al., 1984). This is the result of the mechanism-based approach where the

different sleep- and wake-related processes can interact on a physiological level of

neuronal activity and synaptic transmission.

The following section shall demonstrate that this modeling concept can also

be used to account for associated changes in other sleep-related brain nuclei,

specifically, for the alterations of thalamic firing patterns and synchronization

states as major markers of sleep-wake transitions.

73



5.3 Hypothalamic modulation of thalamic syn-

chronization

The previous simulations have demonstrated the dynamics of the proposed home-

ostatic mechanism of sleep-wake regulation, including its interaction with the

circadian process. In the present section the combined action of both homeostatic

and circadian hypothalamic processes on the sleep-wake activity of thalamic neu-

rons is examined (Fig.4.1).

Thalamic activity exhibits significant differences in sleep and wake states which

are closely associated with accompanying changes in the EEG. There is unsyn-

chronized, single-spike activity (tonic firing) during wakefulness which changes

into synchronized discharges of impulse groups (bursting) at the transition to

sleep (McCormick and Feeser, 1990). This is assumed to be one of the mecha-

nisms by which the gate of sensory information transmission through thalamus to

cortex is closing, and the brain goes from a state of conscious perception in to an

unconscious sleep. It is easy to understand that a strongly coupled neuronal net-

work with synchronized activity reacts less sensitive on a specific external stimulus

then the network of neurons in different firing states.

Despite the undoubtedly high physiological relevance of these transitions, it

is still under debate from what mechanisms they may originate. The computer

simulations in the following sections shall demonstrate that the experimentally

documented projections from hypocretin neurons in the lateral hypothalamus to

thalamic neurons (Peyron et al., 1998; Sakurai et al., 2005) can play an impor-

tant role in switching the thalamic neurons into different synchronization states

according to the states of sleep and wakefulness.

The simulations, again, are performed with a minimal model which consists

of only two gap junction coupled thalamic neurons. In this case, the function-

ally relevant properties are introduced by two additional, voltage-dependent ionic

currents that allow the generation of broad variety of impulse patterns, including

tonic firing and burst discharges (see Chapter 4). These two gap junction coupled

neurons receive synaptic input from the hypocretin neuron of homeostatic model

which is driven by a circadian input, as described in the previous section.

In the following section (5.3.1), first of all, the specific dynamical properties of

the individual thalamic neurons will be briefly described with special regard to the
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transitions from tonic firing to burst discharges. The second part (5.3.2) illustrates

that the alterations of the firing pattern are sufficient to bring gap junction coupled

neurons from an asynchronous to a synchronized state without the need to change

the coupling strength. The third part (5.3.3), finally, connects these model neurons

to the homeostatic model with circadian drive. It will demonstrate that the typical

sleep-wake related alterations of impulse patterns and synchronization states in

thalamic neurons can be introduced by synaptic input from the control centers in

the hypothalamus.

5.3.1 Neuronal impulse pattern

The thalamic neurons are modeled in a form which allows them to develop slow

membrane potential oscillations for the generation of grouped impulse sequences

(bursts). This is achieved by the implementation of two so-called subthreshold

currents. In comparison to the spike-generating currents, these are activated at

lower membrane potentials (below the threshold of spike generation) and with

much longer time delays (see model description).

The other functionally important feature is that with appropriate tuning of

the model parameters or in response to external stimuli the same neuron can

also exhibit tonic, single-spike activity. An example is shown in Figure 5.9 where

an external, linearly increasing depolarizing current IextTH
has been applied to

smoothly tune the model neuron from an originally bursting into a tonic firing

activity state.

The voltage traces of the short simulation in Fig.5.9A illustrate how the slow,

burst-generating oscillations disappear leading to a pacemaker-like tonic firing

activity. The bifurcation diagram of interspike intervals in Fig.5.9B comprises a

much higher number of spikes and demonstrates that these transitions include a

broad range of chaotic dynamics. At the beginning, the bifurcation diagram shows

two lines of short and one line of longer intervals according the short intraburst

intervals and longer burst-pauses. At the end of the simulation there is a single

line of intervals corresponding to the regular single-spike discharges.

In the intermediate state, the interspike intervals of this completely determin-

istic simulation exhibit a strong variability which clearly indicates deterministic

chaos. This happens via period-doubling bifurcations which means that single

lines of intervals bifurcate into two lines which then bifurcate again and so forth
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Figure 5.9: Bursting-to-tonic transition in the model of an individual thalamic
neuron. A: Voltage traces (VTH) of the model neuron in response to a depolarizing
current input with linearly increasing amplitude from the IextTH

= 0 to IextTH
= 3

µA/cm2 within 15 seconds. B: Bifurcation diagram of the interspike intervals
(ISI) which is obtained with the corresponding but constant current values which
have been increased in steps of 0.01 µA/cm2) over the same interval of the applied
current. It is obtained by recording of time intervals between subsequent spikes
and demonstrates the stable states of a neuron at the corresponding value of the
depolarizing input.
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(Feigenbaum, 1978). This soon leads to an irregularly appearing mixture of in-

terspike intervals. This is a classical way from regular activity to chaos (Strogatz,

1994). The chaotic regime additionally includes a homoclinic bifurcation which

is indicated by the appearance of very long interspike intervals. It separates a

burst-like chaotic regime, indicated by two separated bands of chaotically dis-

tributed intervals, from a regime of more uniformly distributed intervals in the

neighborhood of the regular tonic firing regime.

Although the bifurcation structure of this model has been intensively examined

and described in many details (e.g. Braun et al., 2000; Feudel et al., 2000) the

underlying system dynamics are not yet fully understood. More importantly,

there are clear indications of chaotic dynamics also in experimental data which,

likewise, were preferably seen at the transitions from bursting to tonic discharges

(Braun et al., 1999). This suggests that the model, although simplified, provides

a physiologically important features, especially with regard to the functionally

relevant impulse pattern alterations.

In this example the external depolarizing current can represent a compound

synaptic input to the thalamic neurons which tunes them from bursting to tonic

firing as it is the case at the transition from sleep to wake states.

5.3.2 Synchronization at tonic-to-bursting transitions

Transitions from tonic firing to bursting in thalamic neurons are closely corre-

lated with the transitions from wakefulness to sleep which are going along with

another functionally important phenomena - the transitions form asynchronous

to synchronized activity. There are several concepts, partly also mathematical

models (e.g. Hill and Tononi, 2005; Bazhenov et al., 2002), that tend to explain

the sleep-wake related alteration of activity patterns and synchronization states.

This study focuses on the transitions between tonic firing and burst discharges

of individual neurons which, in agreement with experimental data, can be achieved

with a simple current injection (Wallenstein, 1994). The following simulation data

shall illustrate that the changes of the activity patterns are sufficient to account

for the alterations of synchronization states.

The map of synchronization states in Figure 5.10 is based on a detailed com-

putational study with analysis of phase differences between the action potentials

of two electrotonically coupled neurons. In this figure changes of synchronization
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Figure 5.10: Map of synchronous states for two electrically coupled neurons at the
tonic-to-bursting transitions on the plane of parameters: coupling strength (ggjTH

mS/cm2) and external current (Iext µA/cm2). The panels on the right show (1)
the bifurcation diagram of interspike intervals for the uncoupled as well as for in-
phase synchronized neuron, (2) the bifurcation diagram of interspike intervals for
the coupled neuron at the coupling ggjTH

= 0.013, and (3) the bifurcation diagram
of the phase difference between the spikes of two neurons at the coupling ggjTH

=
0.013. The letters indicate areas of different synchronous states and asynchronous
activity: (a) out-of-phase of period 1, (b) asynchronous, (c),(d) out-of-phase of
higher period, (e) almost in-phase chaotic state, (f) in-phase synchronization. The
area (m) denotes to a particular area of multistability of asynchronous behavior
and in-phase synchronization. The dotted lines indicate the zones of transitions
between spiking patterns of individual and in-phase synchronized neurons from
tonic firing to chaos (lower lines) and from chaos to bursting (upper lines). For
details see Postnova et al., 2007b.
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activity are shown as a function of the coupling strength (abscissa) and current in-

jection (ordinate). This study has been performed with the same neurons as imple-

mented here, although with slightly different parameter settings. Without external

current these neurons are in a tonic firing state what, accordingly, means applica-

tion of a hyperpolarizing current to tune them to burst discharges. The different

settings do not affect the physiologically relevant dynamics. The interdependen-

cies between activity pattern and synchronization will briefly be summarized (for

details see Postnova et al., 2007b; Postnova et al., in print a).

The map in Figure 5.10 shows a white area and several gray shadowed areas

which indicate different synchronization states, according to their classification by

the phase differences ∆ϕ between the action potentials of the two neurons. The

white area represents in-phase synchronization while in all other areas non-zero

phase differences between the spikes were recorded.

In deterministic simulations of two identical, gap junction coupled model neu-

rons at different initial conditions in-phase synchronization is only a question of

sufficiently high coupling strength (abscissa). The value of coupling strength for

in-phase synchronization, however, strongly differs depending on the neurons ac-

tivity pattern which is tuned by current injection (ordinate). The first panel to

the right side from the map shows the bifurcation diagram of interspike intervals

that would be obtained with an individual, uncoupled neuron. The second one

shows the bifurcation diagram of one of the coupled neurons, and the third one

shows the phase differences between the spike-times of the two coupled neurons.

The last two diagrams are made at an intermediate, constant coupling strength

(ggjTH
= 0.013µS/cm2, indicated by the upward arrow in the map). They demon-

strate that transition to in-phase synchronization can be achieved simply by cur-

rent injection (slightly above 0.2 µA/cm2) due to associated alterations of the

impulse pattern, noteworthy, in direction to burst discharges.

This example of bifurcation diagrams and phase-differences is drawn for one

specific coupling strength. The map, additionally, illustrates that as soon as the

two neurons exhibit regular bursts, this minimal model will go into in-phase syn-

chronization at all, also infinitely small, coupling strengths. In the tonic firing

regime much higher coupling strengths will be required for in-phase synchroniza-

tion. This holds true also at the transitions from wakefulness to sleep.
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5.3.3 Modulation by hypocretin

Based on the above described mechanisms suggesting neuronal synchronization as

the result of tonic-to-bursting transitions, the model of thalamic neurons can now

be connected to the hypothalamic model of homeostatic sleep-wake regulation.

In this model, no other external current to thalamic neurons than a synaptic

input from the hypocretin neuron is considered. However, the hypocretin neu-

ron can only provide external current during the active wake states. During the

sleep states, this external excitation is missing. This means that in the sleep

the thalamic neurons can generate burst discharges according to their intrinsic

properties (see section 5.3.1). Burst discharges necessarily bring the gap junc-

tion coupled neurons into a synchronized state corresponding to thalamic activity

pattern during sleep (see section 5.3.2).

To tune the thalamic neurons out of the bursting into the tonic firing mode, a

depolarizing current input is required. Now it is provided by the synaptic input

from the hypocretin neuron. However, once the two deterministic thalamic neu-

rons are in-phase synchronized they will continue firing synchronously, irrespective

of the actual impulse pattern. In-phase synchronized systems have to be brought

out of the synchronized state by external perturbations. In physiological systems,

which are never free of perturbations, this will happen naturally. In modeling

studies, when no specific perturbations are implemented, such effects are usually

introduced by stochastic components, i.e. a noise term (see Eqs.4.3 and 4.27).

Therefore, while all the other simulations were run under completely determin-

istic conditions, the synchronization simulations were run with addition of noise

which, in this case, is a functionally relevant component for de-synchronization.

The simulation results are illustrated in Figures 5.11 and 5.12. The calculations

were again made with short cycle periods of 24 seconds (see explanation at the

end of Chapter 3). As demonstrated before this does not make any difference with

regard to the principle dynamics. The simulations can easily be transformed to

24 hours cycles according to the time bar in Fig.5.11(e).

Figure 5.11 shows the circadian input (a) and the, already known, transitions

of the hypocretin neuron from silent to firing states (b). The corresponding ac-

tivation variable of the hypocretin-induced synaptic currents is demonstrated in

(c). Additionally, the voltage trace of one of the thalamic neurons is shown (d, the

traces for both neurons look similar), which exhibit the changes of firing activity
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Figure 5.11: The sleep-wake activity of the thalamic neurons driven by the home-
ostatic and circadian mechanisms. An external circadian current (a) is applied
to the hypocretin neuron in form of a skewed sine-wave with a period of 24 s
which should reflect the daily 24 hours cycles (e). At a certain current value,
the hypocretin neuron starts to fire (b) what induces tonic firing activity in the
thalamic neurons (d). The transition to silence in the hypocretin neuron results
from the decreasing activation variable ahcrtTH

(c) that is essentially caused by
the decreasing current input (a). When the hypocretin neuron is silent the cou-
pled thalamic neurons are switching to bursting discharges. The parameters for
the hypocretin neuron are the same as in Fig.5.8, besides of the time delays of
the modulation function M , which are divided on 3600 to simulate sleep-wake
transitions with 24 seconds cycle. The parameters for the thalamic neurons are:
IextTH

= 0, ggluTH
= 0.1µS/cm2 and ghcrtTH

= 0.13µS/cm2, ggjTH
= 0.01µS/cm2

and D = 0.3.
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Figure 5.12: Synchronization states of the thalamic neurons during sleep-wake
cycles. The membrane potentials of the electrically coupled thalamic neurons
(two neurons are indicated by red and black colors) are in-phase synchronized in
the burst discharges during sleep state (a) and are asynchronously firing in tonic
firing mode (b) during wakefulness. The parameters’ values are the same as on
the Fig.5.11.

along the sleep-wake cycles. These neurons, according to experimental data, are

not going into a silent state during sleep but generate regular burst discharges.

During wakefulness they demonstrate high-frequency, single-spike activity.

The functionally relevant changes of synchronization activity at these tran-

sitions can best bee seen from the direct comparison of voltage traces of both

neurons during sleep and wake states. Figure 5.12 demonstrates such compar-

ison. These diagrams show that the bursts of the two neurons, and even the

individual spikes within the bursts, always appear at almost identical times (a).

Such coincidences do not exist in the tonic firing mode (b). In these simulations,

the transitions of thalamic neurons from synchronized bursting activity to asyn-

chronous single spike activity, can be recognized without the need for phase plots.

These transitions are introduced by the input from the hypocretin neuron which

goes from a silent to a firing state due to the homeostatic mechanisms with circa-

dian drive. The principle alterations of firing patterns and synchronization states

in hypothalamic as well as thalamic neurons perfectly fit to the experimental data.
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Chapter 6

DISCUSSION

This study presents a mathematical model of sleep-wake cycles which is based on

a novel concept of homeostatic regulation of sleep. In the focus of this concept are

the state-dependent alterations of impulse generation and synaptic transmission

of hypocretin/orexin neurons in the lateral hypothalamic area (LHA). The func-

tionally relevant dynamics have been ascribed to spike-dependent attenuation of

the synaptic efficacy of the neuropeptide hypocretin which is superimposed with

a continuous recovery process.

These mechanisms have been illustrated with a minimal model, which con-

siders neurons and synapses and allows to simulate the effects of such external

disturbances as alarm clock, sleep deprivation or the interruption of wakefulness

by a nap. In connection with a circadian input, the model can account for the

typical alterations of the firing states of hypocretin neurons according to reg-

ular sleep-wake cycles. With synaptic projections from hypocretin to thalamic

neurons, it also mimics the corresponding transitions of thalamic neurons from

asynchronous to synchronized activity states.

In the following sections, the physiological background of this novel concept

will be addressed, followed by a discussion of its mathematical realization with a

simplified but physiologically justified mechanism-based approach. This approach

will then be compared with existing concepts and models of sleep regulation.

Finally, future model extensions and suggestions for experimental evaluation of

the proposed concept will be described.
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6.1 Concept

The concept of a homeostatic sleep-wake process has been developed in reference

to experimental and clinical data which suggest that the neuropeptide hypocre-

tin plays an essential role in sleep-wake regulation (Sutcliffe and de Lecea, 2002;

Tsujino and Sakurai, 2009). From experimental studies, it is well established

that hypocretin neurons are firing during wakefulness while they are almost silent

during sleep (de Lecea et al., 1998; Sakurai et al., 1998; Lee et al., 2005; Mi-

leykovskiy et al., 2005). Moreover, lack of hypocretin or its receptors leads to the

sleep disorder narcolepsy (Lin et al., 1999; Chemeli et al., 1999; Thannickal et al.,

2000; Gerashchenko et al., 2001), while its intravenous or nasal administration

improves wakefulness and alertness of sleep deprived subjects (Deadwyler et al.,

2007). These and other data (see Chapters 1 and 2) imply that hypocretin is cru-

cial for wakefulness and that impaired hypocretin transmission induces sleepiness.

The question was, whether and how such alterations of hypocretin effects could

also contribute to the homeostatic control of regular sleep-wake cycles.

Important hints in this context came from neurophysiological experiments

which had demonstrated that hypocretin neurons are reciprocally connected with

other excitatory neurons, including local glutamate interneurons in the LHA (Li

et al., 2002). It has been suggested that these positive feedback loops support fir-

ing activity of the hypocretin neurons. Accordingly, transitions from wakefulness

to sleep, which are going along with transitions from firing to silence of hypocretin

neurons, should be associated with an impairment of such reciprocal excitatory

feedback loops. This can be achieved in different ways, e.g. by external influences

like inhibitory inputs to the hypocretin neurons or their partners. However, such

an assumption would simply shift the problem to other brain nuclei where no

really promising candidates for a homeostatic process could be seen (see section

1.3).

Therefore, the focus of this study was laid on possible homeostatic mechanism

which may occur inside the positive feedback loops of hypocretin neurons with

others. In search for state-dependent alterations in synaptically connected neu-

ronal circuits it is reasonable to evaluate the possible effects of synaptic plasticity.

This physiologically well known process is often observed with regard to learning

and memory but has only occasionally been discussed in context with homeostatic

sleep functions (Tononi and Cirelli, 2006). Moreover, synaptic plasticity is mostly
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attributed to the classical transmitters, such as glutamate, while here it is ascribed

to the synaptic effects of a neuromodulator, the neuropeptide hypocretin.

The introduction of activity-dependent plasticity of hypocretin synaptic trans-

mission as a mechanism for homeostatic regulation of sleep-wake cycles is a com-

pletely new approach. It is fully consistent with the well known hypocretin effects,

especially with the fact that hypocretin is required to maintain wakefulness while

its lack introduces sleepiness. Similar effects may occur in the course of regular

sleep-wake cycles. In this case they are not attributed to a pathological distur-

bance of hypocretin transmission but are the result of a physiological process of

synaptic plasticity.

Synaptic plasticity is a ubiquitous feature and has already been reported to

occur during sleep deprivation in the form of synaptic potentiation at glutamater-

gic synapses on hypocretin neurons (Rao et al., 2007). From a superficial point of

view these results may appear contradictory to the proposed concept of synaptic

weakening during wakefulness. However, the synapses which have been examined

by Rao et al. are the synapses ON the hypocretin neurons, while the synap-

tic plasticity in this model appears at the synapses OF the hypocretin neurons.

Considering these differences, the results of Rao and colleagues perfectly fit to

the here described concept. The strengthening of the glutamatergic synapses on

the hypocretin neurons can help to keep them firing during sleep deprivation de-

spite the homeostatic depression of the hypocretinergic synapses. In an extended

model version, such mechanisms could replace the additional current input which

has been used for the simulation of sleep deprivation in Figure 5.5.

Similar effects can be expected from synaptic potentiation in thalamocortical

circuits during wakefulness which has been hypothesized by Tononi and Cirelli

(2006). The strengthening of synaptic transmission among thalamic and cortical

neurons could be a functionally important mechanism to keep them in an alert

state over the day when the homeostatic drive from the hypocretin neurons is

decreasing.

It can be expected that many more processes are involved in the regulation

of sleep-wake cycles which, together, constitute a system of high flexibility. Even

the lack of most relevant factors of sleep-wake regulation can, obviously, be com-

pensated by other mechanisms. This has been shown for hypocretin as well as for

adenosine, which may contribute to sleep-wake regulation as an additional, home-

ostatic sleep substance (Basheer et al., 2004; Landolt, 2008). Neither hypocretin
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knockout mice nor others which are lacking the A1 adenosine receptors displayed

significant disturbances of the homeostatic sleep markers (Mochizuki et al., 2004;

Stenberg et al., 2003). Only the sleep and wake states of hypocretin knockout

mice became unstable, which may be taken as an indication that the omission of

hypocretin cannot fully be compensated.

6.2 Modeling approach

The concept of homeostatic hypocretin effects that are manifested in neuronal

circuits with reciprocal excitation has been implemented in a mathematical model.

This model also considers the modulation of homeostatic hypocretin effects by

a circadian input and the possible impact of hypocretin neurons on thalamic

synchronization.

The complete model consists of only four neurons (Figure 4.1). There are

two hypothalamic neurons which are reciprocally coupled by excitatory chemical

synapses. One of them represents the hypocretin neurons and the other one the

local glutamate interneurons. Thalamic activity is represented by two gap junc-

tion coupled neurons, receiving synaptic input from the hypothalamic hypocretin

neuron. All external influences are comprised in a compound current input to

the hypocretin neuron. An additional noise current is only added to the thalamic

neurons to allow de-synchronization out of a synchronized state.

Admittedly, these are significant simplifications, especially in considering sy-

naptic interactions between single neurons where we physiologically have to expect

neuronal networks of significant heterogeneity. However, in this modeling study,

major emphasis is laid on the examination of the principle dynamics which can

develop from neuronal interactions with synaptic plasticity. Therefore, the focus

was on the synaptic mechanisms and accompanying alterations of spiking activity.

In this situation the physiological mechanisms can be examined and illustrated

on the level of individual neurons and synapses much better than with compound

action potentials or mean firing rates. With the later some relevant information,

e.g. the alterations of thalamic impulse pattern, would be smoothed out.

The individual model neurons and the synapses have been implemented with

a mechanism-based, Hodgkin-Huxley type approach which means that relevant

dynamics develop from activation and inactivation of voltage- and transmitter-
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gated ion channels. Further simplifications have been implemented with regard

to voltage-dependent ion channels in using an only minimal set of equations.

Both hypothalamic neurons were simulated with the simplest Hodgkin-Huxley

type model neuron. The voltage-dependent currents include only sodium and

potassium currents for spike generation. Nevertheless, these model neurons can

be tuned from silent to firing states of different frequencies according to sleep and

wake states. As a consequence of these simplifications, the model is extraordi-

nary robust against external disturbances as long as it operates away from the

bifurcation point where the transitions occur. The implementation of more com-

plex neurons and/or the addition of noise can be used to modify the network’s

robustness and sensitivity but should not destroy the principle dynamics which

have been elucidated in this study.

The thalamic neurons comprise two additional voltage-dependent currents

which are activated at lower membrane potentials than the spike-generating cur-

rents, but have longer time constants of activation. These currents are for the gen-

eration of slow subthreshold membrane potential oscillations. The complete model

neuron, i.e. the slow subthreshold currents together with the spike-generating cur-

rents, constitute a flexible single-neuron pattern generator which can be tuned to

different activity states (for details see Braun et al., 2003a,b). These include

generation of impulse groups (burst discharges) and pacemaker-like single-spike

activity (tonic firing) which are the functionally relevant firing patterns of thala-

mic neurons with regard to sleep and wakefulness (McCormick and Feeser, 1990).

In this model the full variety of the voltage-dependent ionic currents in the

hypothalamic and thalamic neurons is not considered. The details, anyhow, are

still under debate and far from being fully discovered and understood. The focus

of this study was on a better understanding of principle mechanisms, i.e. the

transitions from silence to firing of hypocretin neurons and from unsynchronized

tonic activity to synchronized burst discharges of thalamic neurons. Therefore,

the detailed set of ionic currents was not required.

As an additional simplification the thalamic neurons are coupled only by gap

junctions. This choice, however, is justified as it has experimentally been demon-

strated that gap junction coupling plays a crucial role for the synchronization of

thalamocortical networks (Landisman et al., 2002; Fuentealba et al., 2004).

While the gap junction currents are modeled in the general simple form,

the transmitter-gated current have been implemented in more details, although,
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again simplified. The primary goal was to obtain physiologically realistic post-

synaptic currents and potentials due to activation of ionotropic glutamate and

metabotropic hypocretin receptors. This have been achieved by a mechanisms-

based approach which allows synaptic modulation with physiologically appropri-

ate parameters adjustment.

Particular efforts have been invested to the simulation of the activity-depen-

dent decline of hypocretin effects. The reason is, as discussed above, that there is

not yet an experimental proof for the proposed effects while such effects, princi-

pally, can be induced in different ways, e.g. by a decrease of presynaptic transmit-

ter availability or by the internalization of postsynaptic receptors. The algorithms

of the actual model version can account for both mechanisms and allow to sim-

ulate many more effects of synaptic modulation, e.g. by receptor agonists and

antagonists or re-uptake inhibitors. The development of these algorithms can

attain particular importance when the effects of drug administration have to be

modeled.

Compared to the specific properties of the synaptic algorithms it is almost

neglectable that all synaptic equilibrium potentials, for simplicity, have been set

to the Na-equilibrium potential. It would not be a problem to achieve the same

results with other equilibrium potentials. Changing the equilibrium potential

means, first of all, change of the “driving force”. The synaptic current could

be readjusted, for example, by the maximum conductances of the corresponding

equations. The ionic mechanisms of synaptic hypocretin effects are, anyhow,

not yet fully understood. It is still under debate whether hypocretin induces

postsynaptic depolarization through the inhibition of potassium channels (Xia et

al., 2005) or acts via the opening of sodium and/or calcium channels (Eriksson et

al., 2001).

The circadian input is modeled in form of a gradually changing current which

may correspond to a compound current input. Such a representation of a neuronal

population, otherwise, has been avoided in favor of spiking neurons. In the actual

model, where the focus is on the homeostatic mechanisms, this disagreement with

the principle concept can be accepted, especially as the circadian process is only

unidirectionally coupled. There are, so far, no reciprocal inputs to the circadian

pacemaker to be analyzed on a mechanism-based level of ionic conductances. The

circadian input significantly interferes with the homeostatic dynamics but this

happens at the hypocretin neuron.
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The implementation of a homeostatic process on the basis of physiological

mechanism makes the major difference between this model and other neuronal

models of sleep-wake transitions. Moreover, it is not the classical transmitter

glutamate but a co-transmitter, the neuropeptide hypocretin, to which the key

role has been assigned.

6.3 Comparison to other models of sleep regu-

lation

The basic idea and modeling approach of this study is significantly different from

the already existing concepts and models of sleep-wake regulation. Nevertheless,

it is not contradictory to others but provides a mechanism-based explanation

where the conceptional models, e.g. the two-process model of Borbély (1982) and

the flip-flop concept of Saper et al. (2005), remain on the level of formal or phe-

nomenological description. In comparison to the already existing neuronal models,

the actual model can be considered as a supplementary approach, especially in

focusing on the homeostatic process of sleep-wake regulation which, so far, has

not been described on a mechanism-based level but mostly was implemented in a

rather general form, if considered at all.

6.3.1 Two-process model

The basic concept of modeling the sleep-wake cycles on the basis of the home-

ostatic process which is driven by the circadian process is closely related to the

two-process model (Borbély, 1982; Daan et al., 1984; Achermann, 2004). There

are obvious similarities with regard to the circadian process which here is imple-

mented in the same form as in the two-process model (see Icircadian). Also the

homeostatic variable M exhibits a time course similar to that of the homeostatic

process S (see section 1.2.1). It does not make a principle difference that M is

decreasing during the wake state while S is increasing. An increasing sleep drive

can also be considered as a decreasing wake drive.

The major difference is, that the previously formal description of the homeo-

static process can now be related to physiological mechanisms. While the home-

ostatic sleep process S of the two-process model is implemented as an explicit
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exponential function, the corresponding variable M of the here presented model

develops from specific neuronal mechanisms, i.e. the activity-dependent changes

of synaptic efficacy of the neuropeptide hypocretin.

The complex interrelations between the diverse variables of the neuronal model

lead to additional, functionally significant differences. In the neuronal model

decline and recovery of the homeostatic process are closely interrelated. Both

depend on the actual level of synaptic efficacy M , which is determined by the firing

rate of the hypocretin neuron. This is the reason why the circadian pacemaker in

this model is not simply delivering the thresholds for the sleep-wake transitions as

it does in the two-process model. It is continuously modulating the firing state of

the hypocretin neuron and, thereby, modulates the effective synaptic strength at

the glutamate and thalamic neurons. The firing rate of the glutamate neuron, in

turn, influences firing of the hypocretin neuron and introduces further alterations

of synaptic transmission. Likewise, any additional external input, e.g. from other

sleep-wake related systems, will interfere with the complete system dynamics,

irrespective of whether such connections are made by simple current injection, as

for the circadian pacemaker, or via synapses.

6.3.2 The flip-flop model

The flip-flop model of Saper et al. (2005) considers reciprocal inhibition be-

tween sleep-promoting neurons in the ventrolateral preoptic area (VLPO) and

wake-promoting monoaminergic neurons in the brain stem. The hypocretin neu-

rons in the lateral hypothalamus are proposed to stabilize the states of sleep and

wakefulness by having excitatory projections to the monoaminergic neurons and

inhibitory from the VLPO (see Figs. 1.2 and 1.4). This concept essentially reca-

pitulates experimental findings which demonstrated that the VLPO predominates

during sleep, thereby, inhibiting the monoaminergic neurons, while the monoamin-

ergic neurons are active during wakefulness and inhibiting the VLPO. Activity of

monoaminergic neurons during wakefulness is strengthened by the excitatory in-

put from the wake-active hypocretin neurons which is absent during sleep because

the hypocretin neurons are blocked by the inhibitory input from the VLPO.

The flip-flop concept only describes the situation during the sleep and wake

states, but does not explain the cause of the transitions. The neuronal model that

is presented here provides an explanation on the basis of homeostatic hypocretin
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effects which is in full agreement with the flip-flop concept.

During wakefulness, when the hypocretin neurons are firing, they are keeping

the monoaminergic neurons in an active state which, in turn, suppress the VLPO

neurons. When the synaptic efficacy of the hypocretin neurons is decreasing, also

their excitatory synaptic input to the wake-promoting monoaminergic neurons

will decrease. The firing rate of the monoaminergic neurons and, hence, their

inhibitory input to the VLPO neurons will be reduced. The VLPO neurons,

thereby, can increase their firing rate what increases the inhibitory input to the

LHA. When the homeostatic circuit is already weakened the inhibitory input from

the VLPO can facilitate the transition of hypocretin neurons to a silent state, i.e.

the transition to sleep.

During the sleep state the hypocretin synaptic efficacy can recover. Once it

is sufficiently recovered wakefulness can be re-introduced by the circadian or any

other excitatory input which is strong enough to activate the homeostatic circuit.

The hypocretin neurons will activate the monoaminergic neurons. These will

suppress the activity of the VLPO neurons, thereby, removing the inhibitory input

to the hypocretin neurons and further facilitating their firing, i.e. the transition to

wakefulness. In this way, the phenomenological description of sleep-wake states

by the flip-flop concept can be related to neuronal mechanisms which allow to

account for the transitions between the different states.

6.3.3 Mechanism-based models

There is a diversity of modeling approaches which are based on similar ideas

as the here described concept. The common approach is the understanding of

some specific phenomena of sleep-wake regulation by the examination of systemic

interactions between sleep-wake related functions, brain areas and/or transmitter

systems (Chou, 2003; Tamakawa et al., 2007; Phillips and Robinson, 2007; Best

et al., 2007; Diniz Behn et al., 2007; Diniz Behn et al., 2008).

Compared to the actual study, some of these models are more detailed, others

consider more sleep-wake functions or brain areas and many of them can success-

fully simulate a higher diversity of sleep-wake phenomena, including the ultradian

structure of sleep. However, the homeostatic process in these models is typically

realized as an explicit state-dependent function mostly assuming, similar to the

original two-process model, the accumulation of a sleep substance. With this
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respect, the actual study can provide a perfect extension also for the more gen-

eralized neuronal models. The more interesting aspect, however, concerns the

question how the different modeling approaches at the micro- and macroscopic

scale can be interrelated.

The existing models of thalamic activity (Bazhenov et al., 2002; Hill and

Tononi, 2005), are usually very detailed and include thousands of neurons and

synapses. The neurons are modeled by a conductance-based approach, i.e. with

voltage- and transmitter-gated ion channels, similar to that used in the present

study. However, physiologically relevant changes in these thalamocortical mod-

els are induced from outside, i.e. by formal external functions that are used to

simulate the input from the neuromodulatory regions. The focus of these models

is laid on the thalamocortical interactions. Therefore, subthalamic brain areas,

like the hypothalamus, are not considered, although their impact on sleep-wake

regulation is well demonstrated.

With this respect, the here described concept of hypothalamic sleep-wake reg-

ulation, although modeled with individual neurons instead of large neuronal net-

works, could provide a valuable extension of the thalamocortical models. Further-

more, the extension of the hypothalamic model by excitatory projections from

the hypocretin neuron to the previously developed models of thalamic neurons

demonstrates that the sleep-wake related changes of thalamic activity can simply

be induced by an external current. None of the otherwise implemented changes

of ionic conductances or synaptic connectivity are required.

Accordingly, the reasons for this particular behavior have to be searched in the

specific properties of the neuronal model which here has been implemented for the

simulation of thalamic activity. This model, originally developed for the simula-

tion of cold receptor discharges (Braun et al., 2003a), constitutes a paradigmatic,

most flexible single-neuron pattern generator (Braun et al., 2003b) with particular

synchronization properties (Postnova et al., 2007a,b). With current injection, as

with many other parameter changes, these model neurons can be tuned through a

diversity of impulse patterns. These include burst discharges and pacemaker-like

tonic firing corresponding to the dominant patterns in thalamocortical circuits

during sleep and wakefulness, respectively. The neurons tuned to different ac-

tivity patterns exhibit significantly different response properties which actually

are under further examination (Finke et al., 2008, Postnova et al., in print a,c).

Most notably, for some not yet fully understood reasons, these model neurons
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hardly synchronize in the tonic firing mode while they easily synchronize in the

bursting. This perfectly reflects the experimentally recorded changes of activity in

thalamocortical circuits along the sleep-wake transitions (McCormick and Feeser,

1990)

6.4 Outlook

This model has been developed with major emphasis on the simulation of homeo-

static effects which have been related to state-dependent alterations of the synap-

tic efficacy of the neuropeptide hypocretin. Besides of a circadian input and

projections to thalamic neurons, it does not yet consider the interactions with

other sleep-wake related functions. With this respect, this novel concept and

its mathematical implementation is only a first but, nevertheless, promising step

towards a more comprehensive concept of sleep-wake regulation.

Indeed, it was a major motivation for the development of a sleep model on the

basis of neurons and synapses to allow further model extensions on the level of

physiological interactions. The model is built in such way that the functionally

relevant changes of the model variables, e.g. voltages or currents, have their

physiological correlates and are experimentally accessible. At the same time, the

simulations outcomes should provide the relevant changes according to behavioral

states (alertness, sleep intensity) which are accessible by conventional clinical

measures, e.g. by the amplitude and frequency of EEG waves. The following

sections will describe ideas of future model extensions and suggestions for further

experimental evaluation of the proposed concept.

6.4.1 Model extensions

Model extensions can already be made on the basis of the actual circuits, for ex-

ample, by the introduction of stochastic components in the hypothalamic circuit.

Implementation of appropriate noise terms can account for endogenous random-

ness of the biological systems, e.g. ion channels opening/closing and synaptic

transmitter release. On the other hand, noise can account for random changes of

environmental input, which can increase arousal or induce sleepiness.

Neuronal and synaptic noise will lead to more smooth transitions of the individ-

ual neurons’ responses on external stimuli (direct or synaptic currents), thereby,
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broadening and flattening their sensitivity range (Huber and Braun, 2006; Finke

et al., 2008). Similar effects can be expected when a heterogeneous network of

multiple of neurons instead of single neurons is implemented (Tessone et al., 2006).

In any case, the flip-flop like sleep-wake transitions, i.e. switching between silence

and firing of the hypothalamic circuits, will remain and, accordingly, also the

abrupt transitions of thalamic activity pattern and synchronization states. Such

switching is a property of the reciprocal excitatory feedback loop.

The impact of physical and social stimuli, which often are the determinant fac-

tors for sleep-wake behavior, can be comprised in such noise terms. It can also be

examined more specifically with additional current inputs at specific phases of the

day or during the night, similar to the examples with napping, sleep deprivation

and the effects of alarm clock (Figs. 5.5 and 5.6).

Regular changes of the environment, like the day-night cycles, can be consid-

ered by additional current terms of corresponding time courses. Light-dark effects

can be interlinked with the inhibition and stimulation of melatonin release from

the pineal gland which can then be connected to the circadian pacemaker. Such

extensions are specifically required for the examination of (1) the adjustment of the

internal circadian clock to the external day-night cycles and (2) de-synchronization

of the sleep-wake cycles, e.g. in shift workers or after jet lag. For the evaluation

of the physiologically relevant circadian processes it is essential to replace the cir-

cadian current input of the actual model by a mechanism-based simulation of the

SCN neurons with appropriate alterations of the firing rate. Further it can be

connected to a mechanism-based model of melatonin release.

The circadian clock, besides of its impact on sleep-wake cycles, is also mod-

ulating a diversity of autonomic functions such as energy control, temperature

regulation and hormone secretion (for review see Dijk and Edgar, 1999; Kalsbeek

et al., 2006). The circadian alterations of the these functions, in turn, are inti-

mately related to the sleep-wake cycles as it is indicated, for example, by a strong

increase of growth hormone release in the first part of the night and pronounced

cortisol peaks before awakening (Czeisler and Edgar, 1999).

Moreover, there are close interlinks between the autonomic functions, including

sleep-wake control, and the limbic system (Hockman and Thomas, 1972). These

interdependencies can particularly well be seen in pathological states, most clearly

in mood disorders which are often associated with significant disturbances of au-

tonomic functions (for review see Tsuno et al., 2005). Especially major depressive
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disorder is frequently accompanied by sleep disturbances as well as by increased

cortisol levels (Brown et al., 2004). The implementation of such a manifold of in-

teractions between sleep-wake control, autonomic and emotional functions would

require enormous efforts, especially as the cellular mechanisms of many of the

above mentioned functions and their disturbances are far from being fully under-

stood.

Therefore, priority shall be given to the examination of the functional connec-

tions with those brain nuclei which change their activity in direct relation to the

sleep and wake states but are not yet considered in the actual model. These are,

as indicated in Figure 1.2, the ventrolateral preoptic nuclei of the hypothalamus

(VLPO) and the monoaminergic and cholinergic nuclei of the arousal system.

The contribution of the VLPO to sleep-wake regulation in supplement to home-

ostatic hypocretin effects have already been discussed in the previous section in

context with the flip-flop concept (Saper et al., 2005). Both, the VLPO GABAer-

gic and the LHA hypocretinergic neurons can additionally be examined as possible

targets of the so-called “sleep substance” adenosine (see section 1.3.1). The con-

centration of adenosine, as a byproduct of energy metabolism, was proposed to

increase during the active wake state and decrease during sleep. Indeed, accumu-

lation and decline of adenosine have been recorded in some brain areas where it

exerts inhibitory effects. Accordingly, the accumulation of adenosine during the

day can directly inhibit hypocretin neurons, thereby, reducing their firing rates

(Liu and Gao, 2007). Simultaneously, as proposed by Morairty et al. (2004), it

can indirectly activate the VLPO which would lead to an additional inhibition

of hypocretin neurons through the inhibitory projections from the VLPO. In this

way, the implementation of adenosine should additionally strengthen the above

described effects of the interaction between the VLPO and the LHA, including the

monoaminergic nuclei, i.e stabilizing the actual sleep or wake state but facilitating

state-transitions once they have started.

A complete model of sleep-wake regulation also needs to consider the diurnal

structure of sleep, i.e. the ultradian transitions between REM and NREM sleep.

These transitions appear due to the reciprocal connections between monoaminer-

gic REM-off and cholinergic REM-on nuclei which are receiving additional inputs

from the LHA and the VLPO (McCarley and Hobson, 1975; Pace-Schott and

Hobson, 2002; Lu et al., 2006b). To simulate REM-NREM transitions the pre-

sented model has to be extended to include these interactions, and, eventually, to
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consider the mechanisms of the homeostatic regulation of REM sleep (Brunner et

al., 1990).

6.4.2 Suggestions for experiments

This modeling study is based on a novel concept of homeostatic sleep-wake regu-

lation which is attributed to synaptic plasticity of hypocretin neurons. Synaptic

plasticity is a well known phenomenon which was observed during sleep depriva-

tion (Rao et al., 2007) and has been hypothesized to appear in thalamocortical

circuits (Tononi and Cirelli, 2006). In both cases synaptic plasticity appeared

in form of synaptic potentiation. Activity-dependent attenuation of hypocretin

transmission is proposed here for the first time and, accordingly, has not yet been

examined experimentally.

Conclusive experiments may be performed similar to those of Rao et al. (2007),

however, with a major difference, namely that the recordings should not be made

at hypocretin neurons but at neurons which are receiving hypocretin input. As

such kind of experiments shall best be done in brain slices, it is reasonable to

make the recordings from local interneurons in the LHA where also the hypocretin

neurons are located. Otherwise, hypocretin-induced synaptic potentials would be

missing.

These studies must not necessarily be done with exactly the same experimental

design as used by Rao et al. for the examination of synaptic plasticity after sleep

deprivation. Such experiments require enormous efforts for statistical analysis

which means sacrificing a high number of rats, preceded by drug treatment or

appropriate handling. In search for synaptic depression of hypocretin effects there

can be even more difficulties for several reasons. Firstly, it can be expected that

the identification of hypocretin-innervated neurons will be more difficult than that

of hypocretin neurons for which specific markers exist. Secondly, the alterations of

synaptic efficacy of a neuropeptide like hypocretin will not so easily be recognizable

in individual postsynaptic potentials as those of glutamate where even the effects

of AMPA and NMDA receptors can be distinguished.

As an alternative, synaptic changes can, eventually, be detected in acute brain

slice recordings during spontaneous firing of the hypocretin neurons. However, as

the synaptic depression is proposed to develop very slowly under natural condi-

tions, i.e. over wake periods of several hours, it would be of advantage if a presy-
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naptic hypocretin neuron could be identified together with the interneuron from

which the recordings are made. When the presynaptic hypocretin neuron could

be subjected to high-frequency stimulation it might become easier to see the pro-

posed alterations of postsynaptic hypocretin effects within reasonable recording

time, i.e. within the life time of brain slices. To be sure that hypocretin effects are

recorded, control experiments with hypocretin application or, even better, with

application of a hypocretin antagonist, would be helpful.

In case that the suggested decrease of the synaptic hypocretin transmission can

experimentally be confirmed, further experiments can be designed to distinguish

between the proposed alternatives of presynaptic transmitter depletion and post-

synaptic receptor internalization. In any way, electrophysiological experiments

that can provide conclusive information about synaptic plasticity in relation to a

neuropeptide, like hypocretin, will not be an easy task to do.

Electrophysiological experiments with regard to the proposed synaptic plas-

ticity of hypocretin transmission can be complemented by clinical studies in order

to evaluate the impact of hypocretin in normal sleep homeostasis, which can be

measured by amplitude of slow waves in sleep EEG. Similar to examinations of

adenosine effects on sleep homeostasis by application of the adenosine antagonist

- caffeine (Landolt et al., 2004; Drapeau et al., 2006; James and Keane, 2007),

such studies could best be done with application of a hypocretin antagonist. How-

ever, while the adenosine antagonist caffeine is a common drug and can easily be

applied, antagonists for the only recently discovered neurotransmitter hypocretin

are not yet easily available.

The promising substance is already in development by pharmacological com-

panies who search for medical treatment of insomnia. However, this substance is

still in a clinical trial stage and is not yet generally provided for basic research.

Nevertheless, there is reliable information that hypocretin antagonists can induce

somnolence and increase the amount of REM and NREM sleep (Brisbare-Roch

et al., 2007). Such data additionally support the concept of hypocretin as major

substance in sleep-wake control.
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6.5 Conclusion

With this study a novel concept of homeostatic sleep regulation has been proposed

and transformed in a mathematical model of sleep-wake regulation. The basic

assumptions have been described and discussed together with the advantages and

simplifications of the mechanism-based approach.

The simulation results strongly support the principle idea of activity-depen-

dent alterations of synaptic hypocretin effects as the source of homeostatic sleep

mechanisms. It has been demonstrated that a simple extension of the homeo-

static model by a circadian current input leads to regular alterations between

silence and firing of hypocretin neurons on a real time scale with physiologically

appropriate time relations between sleep and wakefulness. Moreover, connect-

ing this hypothalamic model of sleep-wake regulation with a previously developed

model of thalamic neurons also provides an explanation for the associated changes

of impulse pattern and synchronization states in thalamic circuits.

These simulations, apart from the actual results, demonstrate a major ad-

vantage of such a physiologically motivated modeling approach, namely that it

easily can be combined with other mechanism-based models and can also be re-

lated to more formal concepts of sleep-wake regulation. Accordingly, major parts

of the discussion have been devoted to illustration of the relations between the

here described mechanisms and, for example, the formal two-process model or

the flip-flop concept. Especially, a diversity of future model extensions have been

addressed for the involvement of other relevant mechanisms of sleep-wake regu-

lation, e.g. the effects of adenosine or the impact of external stressors. Finally,

some ideas for electrophysiological and clinical studies of the proposed concept

have been described.

Altogether, this modeling approach has important advantages: 1) it can be ex-

tended to examine the effects of additional internal and external stimuli or phys-

iological parameters, 2) it can be connected to other brain areas which exhibit

sleep-wake related activity changes, and 3) it can easily be adapted to new exper-

imental discoveries. In conclusion, it should allow to bring together a manifold of

experimental and clinical data from different functional levels into a comprehen-

sive, neuron-based model towards a better understanding of sleep-wake regulation.
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Daan S, Beersma DG, Borbély AA (1984) Timing of human sleep: recovery process

gated by a circadian pacemaker. Am J Physiol 246:R161–R178.

Date Y, Ueta Y, Yamashita H, Yamaguchi H, Matsukura S, Kangawa K, Sakurai

T, Yanagisawa M, Nakazato M (1999) Orexins, orexigenic hypothalamic peptides,

interact with autonomic, neuroendocrine and neuroregulatory systems. Proc Natl

Acad Sci USA 96(2):748–753.

Datta S (1997) Cellular basis of pontine ponto-geniculo-occipital wave generation

and modulation. Cell Mol Neurobiol 17:341–365.

Deadwyler SA, Porrino L, Siegel JM, Hampson RE (2007) Systemic and nasal deliv-

ery of orexin-A (hypocretin-1) reduces the effects of sleep deprivation on cognitive

performance in nonhuman primates. J Neurosci 27(52):14239–14247.

Dement W, Kleitman N (1957) Cyclic variations in EEG during sleep and their

relation to eye movements, body motility, and dreaming. Electroencephalogr Clin

Neurophysiol 9(4):673–690.

Dement WC, Mitler MM, Henriksen SJ (1972) Sleep changes during chronic admin-

istration parachlorophenylalanine. Rev Can Biol 31:239–246.

Destexhe A, Contreras D, Steriade M (1999) Spatiotemporal analysis of local field

potentials and unit discharges in cat cerebral cortex during natural wake and sleep

states. J Neurosci 19(11):4595–4608.

Deurveilher S and Hennevin E (2001) Lesions of the pedunculopontine tegmental

nucleus reduce paradoxical sleep (PS) propensity: evidence from a short-term PS

deprivation study in rats. Eur J Neurosci 13(10): 1963–1976.

Dijk DJ (1995) EEG slow waves and sleep spindles: windows on the sleeping brain.

Behav Brain Res 69(1-2):109–116.

Dijk DJ, Edgar DM (1999) Circadian and homeostatic control of wakefulness and

sleep. In Regulation of Sleep and Circadian Rhythms, Turek FW, Zee PC, ed,

133, pp 111–148, New York: Marcel Dekker.

Dijk DJ, Hayes B, Czeisler CA (1993) Dynamics of electroencephalographic sleep

103



spindles and slow wave activity in men: effect of sleep deprivation. Brain Res

626:190–199.

Diniz Behn C, Brown EN, Scammell TE, Kopell NJ (2007) Mathematical model of

network dynamics governing mouse sleep-wake behavior. J Neurophysiol

97(6):3828–3840.

Diniz Behn C, Kopell N, Brown EN, Mochizuki T and Scammell TE (2008) Delayed

orexin signaling consolidates wakefulness and sleep: physiology and modeling. J

Neurophysiol 99:3090–3103.

van Dongen HPA (2004) Comparison of mathematical model predictions to experi-

mental data of fatigue and performance. Aviat Space Environ Med 75:A15–A36.

Drapeau C, Hamel-Hebert I, Robillard R, Selmaoui B, Filipini D, Carrier J (2006)

Challenging sleep in aging: the effects of 200 mg of caffeine during the evening in

young and middle-aged moderate caffeine consumers. J Sleep Res 15:133–141.

Dunwiddie TV and Worth T (1982) Sedative and anticovulsant effects of adenosine

analogs in mouse and rat. J Pharmacol Exp Ther 220:70–76.

von Economo C (1930) Sleep as a problem of localization. J Nerv Ment Dis 71:249–

259.

Edgar DM, Dement WC, Fuller CA (1993) Effect of SCN lesions on sleep in squirrel

monkeys: Evidance for opponent Processes in sleep-wake regulation. J Neurosci

13(3):1065–1079.

Eriksson KS, Sergeeva O, Brown RE, Haas HL (2001) Orexin/hypocretin excites the

histaminergic neurons of the tuberomammillary nucleus. J Neurosci 21(23):9273–

9279.

Feigenbaum MJ (1978) Quantitative universality for a class of nonlinear transfor-

mations. J Stat Phys 19(1):25–52.

Feudel U, Neiman A, Pei X, Wojtenek W, Braun H, Huber M, Moss F (2000)

Homoclinic bifurcation in a Hodgkin-Huxley model of thermally sensitive neurons.

Chaos 10(1):231–239.

Fibiger HC (1982) The organization and some projections of cholinergic neurons of

the mammalian forebrain. Brain Res 257(3):327–388.

Finke C, Vollmer J, Postnova S, Braun HA (2008) Propagation effects of current

and conductance noise in a model neuron with subthreshold oscillations. Math

Biosci 214(1-2):109–21.

Flicker C, McCarley RW, Hobson JA (1981) Aminergic neurons: state control and

plasticity in three model systems. Cell Mol Neurobiol 1(2):123–166.

104



Forsythe GE, Malcolm MA, Moler CB (1977) Computer Methods for Mathematical

Computations. NJ: Prentice-Hall.

Fox RF, Gatland IR, Roy R, Vemuri G (1988) Fast, accurate algorithm for numerical

simulation of exponentially correlated colored noise. Phys Rev A 38(11):5938–

5940.

Freedman R, Foote SL, Bloom FE (1975) Histochemical characterization of a neo-

cortical projection of the nucleus locus coeruleus in the squirrel monkey. J Comp

Neurol 164:209–231.

Fredholm BB, Bttig K, Holmen J, Nehlig A, Zvartau EE (1999) Actions of caffeine

in the brain with special reference to factors that contribute to its widespread use.

Pharmacol Rev 51:83–133.

Fuentealba P, Crochet S, Timofeev I, Bazhenov M, Sejnowski TJ, Steriade M (2004)

Experimental evidence and modeling studies support a synchronizing role for elec-

trical coupling in the cat thalamic reticular neurons in vivo. Eur J Neurosci

20(1):111–119.

Fujiki N, Yoshida Y, Ripley B, Honda K, Mignot E, Nishino S (2001) Changes in

CSF hypocretin-1 (orexin A) levels in rats across 24hours and in response to food

deprivation. NeuroReport 12:993–997.

Gallopin T, Fort P, Eggermann E, Cauli B, Luppi PH, Rossier J, Audinat E,

Mühlethaler M, Serafin M (2000) Identification of sleep-promoting neurons in

vitro. Nature 404:992–995.

Gallopin T, Luppi PH, Cauli B, Urade Y, Rossier J, Hayaishi O, Lambolez B, Fort P

(2005) The endogenous somnogen adenosine excites a subset of sleep-promoting

neurons via A2A receptors in the ventrolateral preoptic nucleus. Neuroscience

134:1377–1390.

Gaykema RP, Gaál G, Traber J, Hersh LB, Luiten PG (1991) The basal forebrain

cholinergic system: efferent and afferent connectivity and long-term effects of

lesions. Acta Psychiatr Scand Suppl 366:14–26.

Gerashchenko D, Chou TC, Blanco-Centurion CA, Saper CB, Shiromani PJ (2005)

Effects of lesions of the histaminergic tuberomammillary nucleus on spontaneous

sleep in rats. Sleep 27(7): 1275–1281.

Gerashchenko D, Kohls MD, Greco M, Waleh NS, Salin-Pascual R, Kilduff TS, Lappi

DA, Shiromani PJ (2001) Hypocretin-2-saporin lesions of the lateral hypothala-

mus produce narcoleptic-like sleep behavior in the rat. J Neurosci 21(18):7273–

7283.

105



Glenn LL, Steriade M (1982) Discharge rate and excitability of cortically project-

ing intralaminar thalamic neurons during waking and sleep states. J Neurosci

2(10):1387–1404.

Goldbeter A (2002) Computational approaches to cellular rhythms. Nature

420(6912):238–245.

Gu Y, Liljenstrm H (2007) A neural network model of attention-modulated neuro-

dynamics. Cogn Neurodyn 1(4):275–85.

Haas HL, Sergeeva OA, and Selbach O (2008) Histamine in the Nervous System.

Physiol Rev 88:1183–1241.

Harris CD (2005) Neurophysiology of sleep and wakefulness. Respir Care Clin N

Am 11(4):567–586.

Hartman BK (1974) Localization of the noradrenergic nervous system in human

brain. J Psychiatr Res 11:283–288.

Hauta WJH (1946) Hypothalamic regulation of sleep in rats. An experimental study.

J Neurophysiol 9:285–316.

Herzog ED, Takahashi JS, Block GD (1998) Clock controls circadian period in iso-

lated suprachiasmatic nucleus neurons. Nature Neurosci 1:708–713.

Hill S and Tononi G (2005) Modeling Sleep and Wakefulness in the Thalamocortical

System. J Neurophysiol 93:1671–1698.

Hobson JA (1999) Sleep and dreaming, In Fundamental neuroscience, MJ Zigmond,

FE Bloom, SC Landis, JL Roberts, LR Squire, ed, pp 1207–1228, Academic Press.

Hobson JA, McCarley RW, and Wyzinski PW (1975) Sleep cycle oscillation: recip-

rocal discharge by two brainstem neuronal groups. Science 189:55–58.

Hobson JA, Stickgold R, Pace-Schott EF (1998) The neurophysiology of REM sleep

dreaming. Neuroreport 9:R1–R14.

Hockman CH and Thomas CC (1972) Limbic system and autonomic function.

Springfield, Ill., xviii.

Hodgkin AL and Huxley AF (1952) A quantitative description of membrane current

and its application to conduction and excitation in nerve. J Physiol 117(4):500–

544.

Hopfield JJ, Feinstein DI, Palmer RG (1983) “Unlearning” has a stabilizing effect

in collective memories. Nature 304(5922):158–159.

Huber MT, Braun HA (2006) Stimulus-response curves of a neuronal model for noisy

subthreshold oscillations and related spike generation. Phys Rev E 73:041929–

1041939.

106



Hursh SR, Redmond DP, Johnson ML, Thorne DR, Belenky G, Balkin TJ, Storm

WF, Miller JC, Eddy DR (2004) Fatigue models for applied research in warfight-

ing. Aviat Space Environ Med 75(3):A44–A53.

Huston JP, Haas HL, Boix F, Pfister M, Decking U, Schrader J, Schwarting RK

(1996) Extracellular adenosine levels in neostriatum and hippocampus during rest

and activity periods of rats. Neuroscience 73:99–107.

Ibuka N and Kawamura H (1975) Loss of circadian rhythm in sleep-wakefulness

cycle in the rat by suprachiasmatic nucleus lesions. Brain Res 96:76–81.

Ida T, Nakahara K, Katayama T, Murakami N, Nakazato M (1999) Effect of lateral

cerebroventricular injection of the appetite-stimulating neuropeptide, orexin and

neuropeptide Y, on the various behavioral activities of rats. Brain Res 821:526–

529.

Illnerova H (1991) The suprachiasmatic nucleus and rhythmic pineal melatonin pro-

duction. In Suprachiasmatic nucleus: the mind’s clock, DC Klein, RY Moore, SM

Reppert, pp 171–216, Oxford University Press.

Jacobs BL, Gannon PJ, Azmitia EC (1984) Atlas of serotonergic cell bodies in the

cat brainstem: an immunocytochemical analysis. Brain Res Bull 13(1):1–31.

James JE, Keane MA (2007) Caffeine, sleep and wakefulness: implications of new

understanding about withdrawal reversal. Hum Psychopharmacol 22:549–558.

Jones BE (1993) The organization of central cholinergic systems and their functional

importance in sleep-waking states. Prog Brain Res 98:61–71.

Jones BE (2003) Arousal systems. Front Biosci 8:s438-s451.

Jones BE and Beaudet A (1987) Distribution of acetylcholine and catecholamine

neurons in the cat brain stem studied by choline acetyltransferase and tyrosine

hydroxylase immunochistochemistry. J Comp Neurol 261:15–32.

Jones BE, Harper ST, Halaris AE (1977) Effects of locus coeruleus lesions upon

cerebral monoamine content, sleep-wakefulness states and the response to am-

phetamine in the cat. Brain Res 124(3):473–96.

Jones BE and Webster HH (1988) Neurotoxic lesions of the dorsolateral pontomesen-

cephalic tegmentum-cholinergic cell area in the cat. I. Effects upon the cholinergic

innervation of the brain. Brain Res 451:13–32.

Jouvet M, Moruzzi G (1972) Neurophysiology and neurochemistry of sleep and wake-

fulness. Springer-Verlag.

Jouvet M (1967) Neurophysiology of the States of Sleep. Physiol Rev 47(2): 117–

177.

107



Jewett ME and Kronauer RE (1999) Interactive mathematical models of subjective

alertness and cognitive throughput in humans. J Biol Rhythms 14:588–597.

Kalsbeek A, Palm IF, La Fleur SE, Scheer FA, Perreau-Lenz S, Ruiter M, Kreier F,

Cailotto C, Buijs RM (2006) SCN outputs and the hypothalamic balance of life.

J Biol Rhythms 21(6):458–469.

Kandel ER, Scwartz JH, and Jessell TM (1991) Principles of Neural Science, 4th

ed., New York, McGraw-Hill.

Kayama Y, Koyama Y (2003) Control of sleep and wakefulness by brainstem mono-

aminergic and cholinergic neurons. Acta Neurochir Suppl 87:3–6.

Kayama Y, Ohta M, Jodo E (1992) Firing of “possibly” cholinergic neurons in

the rat laterodorsal tegmental nucleus during sleep and wakefulness. Brain Res

569(2):210–220.

Khateb A, Fort P, Alonso A, Jones BE, Muehlethaler M (1993) Pharmacological and

immunohistochemical evidence for serotonergic modulation of cholinergic nucleus

basalis neurons. Eur J Neurosci 5:541–547.

Kiyashchenko LI, Mileykovskiy BY, Maidment N, Lam HA, Wu MF, John J, Peever

J, Siegel JM (2002) Release of Hypocretin (Orexin) during Waking and Sleep

States. J Neurosci 22(13):5282–5286.

Klein D, Moore RY, Reppert SM (1991) Suprachiasmatic nucleus: The mind’s clock.

Oxford University Press, New York.

Kolaj M, Doroshenko P, Yan Cao X, Coderre E, Renaud LP (2007) Orexin-induced

modulation of state-dependent intrinsic properties in thalamic paraventricular nu-

cleus neurons attenuates action potential patterning and frequency. Neuroscience

147(4):1066–1075.

Kononenko NI, Kuehl-Kovarik MC, Partina KM, Dudeka FE (2008) Circadian dif-

ference in firing rate of isolated rat suprachiasmatic nucleus neurons. Neurosci

Lett 436(3):314–316.

Kronauer RE, Gunzelmann G, Van Dongen HP, Doyle FJ 3rd, Klerman EB (2007)

Uncovering physiologic mechanisms of circadian rhythms and sleep-wake regula-

tion through mathematical modeling. J Biol Rhythms 22(3):233–245.

Kumar S, Szymusiak R, Bashir T, Rai S, McGinty D, Alam MN (2007) Efects of

serotonin on perifornical-lateral hypothalamic area neurons in rat. Eur J Neurosci

25:201–212.

Landisman CE, Long MA, Beierlein M, Deans MR, Paul DL, Connors BW (2002)

Electrical synapses in the thalamic reticular nucleus. Neurosci 22(3): 1002–1009.

108



Landolt HP (2008) Sleep homeostasis: A role for adenosine in humans? Biochem

Pharmacol 75:2070–2079.

Landolt HP, Rtey JV, Tnz K, Gottselig JM, Khatami R, Buckelmller I, Achermann

P (2004) Caffeine attenuates waking and sleep electroencephalographic markers

of sleep homeostasis in humans. Neuropsychopharmacology 29: 1933–1939.

Landolt HP, Werth E, Borvely AA, Dijk DJ (1995) Caffeine intake (200mg) in

the morning affects human sleep and EEG power spectra at night. Brain Res

675:67–74.

de Lecea L, Kilduff TS, Peyron C, Gao X, Foye PE, Danielson PE, Fukuhara C,

Battenberg EL, Gautvik VT, Bartlett FS 2nd, Frankel WN, van den Pol AN,

Bloom FE, Gautvik KM, Sutcliffe JG (1998) The hypocretins: hypothalamus-

specific peptides with neuroexcitatory activity. Proc Natl Acad Sci USA 95:322–

327.

Lee MG, Hassani OK, Jones BE (2005) Discharge of identified orexin/hypocretin

neurons across the sleep-waking cycle. J Neurosci 25(28):6716–6720.

Li Y, Gao XB, Sakurai T, van den Pol AN (2002) Hypocretin/Orexin excites

hypocretin neurons via a local glutamate neuron-A potential mechanism for or-

chestrating the hypothalamic arousal system. Neuron 36:1169–1181.

Lidbrink P (1974) The effect of lesions of ascending noradrenaline pathways on sleep

and waking in the rat. Brain Res 74:19–40.

Lin L, Faraco J, Li R, Kadotani H, Rogers W, Lin X, Qiu X, de Jong PJ, Nishino

S, Mignot E (1999) The sleep disorder canine narcolepsy is caused by a mutation

in the hypocretin (orexin) receptor 2 gene. Cell 98(3):365–376.

Liu ZW, Gao XB (2007) Adenosine inhibits activity of hypocretin/orexin neurons

by the A1 receptor in the lateral hypothalamus: a possible sleep-promoting effect.

J Neurophysiol 97:837–848.

Lu J, Greco MA, Shiromani P, Saper CB (2000) Effect of lesions of the ventrolateral

preoptic nucleus on NREM and REM sleep. J Neurosci 20(10):3830–3842.

Lu J, Jhou TC, and Saper CB (2006a) Identification of wake-active dopaminergic

neurons in the Ventral periaqueductal gray matter. J Neurosci 26(1):193–202.

Lu J, Sherman D, Devor M, Saper CB (2006b) A putative flip-flop switch for control

of REM sleep. Nature 441(7093):589-594.

Luebke JI, Greene RW, Semba K, Kamondi A, McCarley RW, Reiner PB (1992)

Serotonin hyperpolarizes cholinergic low-threshold burst neurons in the rat lat-

erodorsal tegmental nucleus in vitro. Proc Natl Acad Sci USA 89: 743–747.

109



Luppi PH (2004) Sleep: Circuits and Functions. CRC Press.

Mallis MM, Mejdal S, Nguyen TT, and Dinges DF (2004) Summary of the key

Features of seven biomathematical models of human fatigue and performance.

Aviat Space Environ Med 75(3):A4–A14.

Madsen PL (1993) Blood flow and oxygen uptake in the human brain during various

states of sleep and wakefulness. Acta Neurol Scand Suppl 148:3–27.

Maquet P, Dive D, Salmon E, Sadzot B, Franco G, Poirrier R, Franck G (1992)

Cerebral glucose utilization during stage 2 sleep in man. Brain Res 571:149–153.

McCarley RW (2007) Neurobiology of REM and NREM sleep. Sleep Med 8:302–330.

McCarley RW and Hobson JA (1975) Neuronal excitability modulation over the

sleep cycle: a structural and mathematical model. Science 189:58–60.

McCormick DA, Bal T (1997) Sleep and arousal: thalamocortical mechanisms.

Annu Rev Neurosci 20:185–215.

McCormick DA, Feeser HR (1990) Functional implications of burst firing and single

spike activity in lateral geniculate relay neurons. Neuroscience 39:103–113.

McGinty DJ, Harper RM (1973) 5-HT containing neurons: Unit activity in behaving

cats. In Serotonin and behavior, J Barchas, E Usden, ed, pp 267–279, Academic

Pres, New York.

McGinty D, Harper RM (1976) Dorsal raphe neurons: depression of firing during

sleep in cats. Brain Res 101:569–575.

McGinty D, Szymusiak R (2003) Hypothalamic regulation of sleep and arousal.

Front Biosci 8:s1074–s1083.

McIlwain H and Pull I (1979) Adenosine and its mononucleotides as regulatory and

adaptive signals in brain. In Physiological and Regulatory Functions of Adenosine

and Adenine Nucleotides, HP Baer, GI Drummond, ed, pp 361–376, Raven Press,

New York.

Meghji P (1991) Adenosine production and metabolism In Adenosine in Nervous

System, T Stone, ed, pp 25–42, Academic Press, London.

Mejer JH and Rietveld WJ (1989) Neurophysiology of the suprachiasmatic circadian

pacemaker in rodents. Physiol Rev 69(3):671–707.

Methippara MM, Kumar S, Alam MN, Szymusiak R, McGinty D (2005) Effects

on sleep of microdialysis of adenosine A(1) and A(2a) receptor analogs into the

lateral preoptic area of rats. Am J Physiol 289:R1715–1723.

Mileykovskiy BY, Kiyashchenko LI, Siegel JM (2005) Behavioral correlates of ac-

tivity in identified hypocretin/orexin neurons. Neuron 46:787–798.

110



Minor TR, Rowe MK, Soames Job RF and Ferguson EC (2001) Escape deficits

induced by inescapable shock and metabolic stress are reversed by adenosine re-

ceptor antagonists. Behav Brain Res 120:203–212.

Mistlberger RE (2005) Circadian regulation of sleep in mammals: role of the supra-

chiasmatic nucleus. Brain Res Rev 49:429–454.

Mochizuki T, Crocker A, McCormack S, Yanagisawa M, Sakurai T, Scammell TE

(2004) Behavioral state instability in orexin knock-out mice. J Neurosci

24(28):6291-6300.

Monckton JE, McCormick DA (2002) Neuromodulatory role of serotonin in the

ferret thalamus. J Neurophysiol 87:2124–2136.

Monti J, Pandi-Perumal SR, Sinton CM (2008) Neurochemistry of Sleep and Wake-

fulness. Cambridge University Press.

Moore RY (1973) Retinohypothalamic projection in mammals: a comparative study.

Brain Res 49:403–409.

Moore RY (2007) Suprachiasmatic nucleus in sleep-wake regulation. Sleep Med

3:27–33.

Morairty S, Rainnie D, McCarley R, Greene R (2004) Disinhibition of ventrolat-

eral preoptic area sleep-active neurons by adenosine: a new mechanism for sleep

promotion. Neuroscience 123:451–457.

Morgane PJ, Stern WC (1975) The role of serotonin and norepinephrine in sleep-

waking activity. Natl Inst Drug Abuse Res Monogr Ser (3):37–61.

Morrison JH, Foote SL, OConnor D, Bloom FE (1982) Laminar, tangential and

regional organization of the noradrenergic innervation of the monkey cortex: dopa-

mine-beta-hydroxylase immunohistochemistry. Brain Res Bull 9:309–319.

Moruzzi G, Magoun HW (1949) Brain stem reticular formation and activation of

the EEG. Electroencephalogr Clin Neurophysiol 1:455–473.

Nambu T, Sakurai T, Mizukami K, Hosoya Y, Yanagisawa M, Goto K (1999) Dis-

tribution of orexin neurons in the adult rat brain. Brain Res 827(1-2):243–260.

Noda H, Adey WR (1970) Firing variability in cat association cortex during sleep

and wakefulness. Brain Res 18(3):513–526.

Pace-Schott EF, Hobson JA (2002) The neurobiology of sleep: Genetics, cellular

physiology and subcortical networks. Nat Rev Neurosci 3:591–605.

Paisley AC, Summerlee AJ (1984) Relationships between behavioural states and

activity of the cerebral cortex. Prog Neurobiol 22(2):155–184.

Peyron C, Faraco J, Rogers W, Ripley B, Overeem S, Charnay Y, Nevsimalova

111



S, Aldrich M, Reynolds D, Albin R, Li R, Hungs M, Pedrazzoli M, Padigaru

M, Kucherlapati M, Fan J, Maki R, Lammers GJ, Bouras C, Kucherlapati R,

Nishino S, Mignot E (2000) A mutation in a case of early onset narcolepsy and a

generalized absence of hypocretin peptides in human narcoleptic brains. Nat Med

6(9):991–997.

Peyron C, Tighe DK, van den Pol AN, de Lecea L, Heller HC, Sutcliffe JG, Kilduff

TS (1998) Neurons containing hypocretin (orexin) project to multiple neuronal

systems. J Neurosci 18(23):9996–10015.

Phillips AJK and Robinson PA (2007) A quantitative model of sleep-wake dynam-

ics based on the physiology of the brainstem ascending arousal system. J Biol

Rhythms 22:167–179.

van den Pol AN (1999) Hypothalamic hypocretin (orexin): robust innervation of

the spinal cord. J Neurosci 19:3171–3182.

Porkka-Heiskanen T, Strecker RE, McCarley RW (2000) Brain site-specificity of

extracellular adenosine concentration changes during sleep deprivation and spon-

taneous sleep: an in vivo microdialysis study. Neuroscience 99(3):507–17.

Portas CM, Thakkar M, Rainnie DG, Greene RW, McCarley RW (1997) Role of

adenosine in behavioral state modulation: a microdialysis study in the freely

moving cat. Neuroscience 79:225–235.

Postnova S, Finke C, Jin W, Schneider H and Braun HA (in print a) The Role

of Neuronal Dynamics and Noise for Stimulus Encoding and Synchronization. J

Physiol Paris.

Postnova S, Wollweber B, Voigt K, Braun HA (2007a) Impulse-Pattern in Bidirec-

tionally Coupled Model Neurons of Different Dynamics. Biosystems 89:135–142.

Postnova S, Voigt K, Braun HA (2007b) Neural synchronization at tonic-to-bursting

transitions. J Biol Phys 33(2):129–143.

Postnova S, Voigt K, Braun HA (in print b) A mathematical model of homeostatic

regulation of sleep-wake cycles by hypocretin/orexin. J Biol Rhythms.

Postnova S, Voigt K, Braun HA (in print c) Modelling the Hypothalamic Control of

Thalamic Synchronization along the Sleep-Wake Cycles. Cogn Neurodynamics.

Postnova S, Wollweber B, Voigt K, Braun H (2006) Impulse pattern in bi-directional-

ly coupled model neurons of different dynamics. Biosystems 89(1-3):135–142.

Press WH, Flannery BP, Teukolsky SA, Vetterling WT (1988) Numerical Recipes

in C. Cambridge University Press.

Provencio I, Rollag MD, Castrucci AM (2002) Photoreceptive net in the mammalian

112



retina. This mesh of cells may explain how some blind mice can still tell day from

night. Nature 415:493.

Puizillout JJ, Gaudin-Chazal G, Daszuta A, Seyfritz N, Ternaux JP (1979) Release

of endogenous serotonin from “encephale isole” cats. II. Correlations with raphe

neuronal activity and sleep and wakefulness. J Physiol (Paris) 75:531–537.

Rainnie DG, Grunze HC, McCarley RW, Greene RW (1994) Adenosine inhibition of

mesopontine cholinergic neurons: implications fro EEG arousal. Science 263:689–

692.

Rao Y, Liu ZW, Borok E, Rabenstein RL, Shanabrough M, Lu M, Picciotto MR,

Horvath TL, Gao XB (2007) Prolonged wakefulness induces experience-dependent

synaptic plasticity in mouse hypocretin/orexin neurons. J Clin Invest

117(12):4022-4033.

Rasmussen K, Morilak DA, and Jacobs BL (1986) Single unit activity of locus

coeruleus neurons in the freely moving cat. I. During naturalistic behaviors and

in response to simple and complex stimuli. Brain Res 371:324–334.

Rechtschaffen A, Kales A (1968) A Manual of Standardized Terminology, Tech-

niques, and Scoring System for Sleep Stages of Human Subjects. US Department

of Health, Education, and Welfare Public Health Service - NIH/NIND.

Refinetti R (2005) Circadian physiology. 2nd ed. CRC Press.

Roehrs T, Roth T (2008) Caffeine: sleep and daytime sleepiness. Sleep Med Rev

12(2):153–162.

Rosin DL, Weston MC, Sevigny CP, Stornetta RL, Guyenet PG (2003) Hypotha-

lamic orexin (hypocretin) neurons express vesicular glutamate transporters VG-

LUT1 or VGLUT2. J Comp Neurol 465:593–603.

Rye DB (1997) Contributions of pedunculopontine region to normal and altered

REM sleep. Sleep 20:757–788.

Sakai K, El Mansari M, Lin JS, Zhang G, Vanni-Mercier G (1990) The posterior

hypothalamus in the regulation of wakefulness and paradoxical sleep. In The

Diencephalon and Sleep, M Mancia, G Marini, ed, pp 171–198, New York, Raven

Press.

Sakurai T (2005) Roles of orexin/hypocretin in regulation of sleep/wakefulness and

energy homeostasis. Sleep Med Rev 9(4):231–241.

Sakurai T (2007) The neural circuit of orexin (hypocretin): maintaining sleep and

wakefulness. Nat Rev Neurosci 8:171–181.

Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka H, Williams SC,

113



Richardson JA, Kozlowski GP, Wilson S, Arch JR, Buckingham RE, Haynes AC,

Carr SA, Annan RS, McNulty DE, Liu WS, Terrett JA, Elshourbagy NA, Bergsma

DJ, Yanagisawa M (1998) Orexins and orexin receptors: a family of hypothalamic

neuropeptides and G-protein coupled receptors that regulate feeding behavior.

Cell 92:573–585.

Sakurai T, Nagata R, Yamanaka A, Kawamura H, Tsujino N, Muraki Y, Kageyama

H, Kunita S, Takahashi S, Goto K, Koyama Y, Shioda S, Yanagisawa M (2005)

Input of orexin/hypocretin neurons revealed by a genetically encoded tracer in

mice. Neuron 46:297–308.

Salin-Pascual R, Gerashchenko D, Greco M, Blanco-Centurion C, Shiromani PJ

(2001) Hypothalamic regulation of sleep. Neuropsychopharmacology 25(5): S21–

S27.

Salomon RM, Ripley B, Kennedy JS, Johnson B, Zeitzer JM, Nishino S, Mignot

E (2003) Diurnal variation of CSF hypocretin-1 (orexin-A) levels in control and

depressed subjects. Biol Psychiatry 54(2):96–104.

Saper CB, Chou TC, Scammell TE (2001) The sleep switch: hypothalamic control

of sleep and wakefulness. Trends Neurosci 24:726–731.

Saper CB, Scammell TE and Lu J (2005) Hypothalamic regulation of sleep and

circadian rhythms. Nature 437(27):1257–1263.

Scammell T, Gerashchenko D, Urade Y, Onoe H, Saper C, Hayaishi O (1998) Acti-

vation of ventrolateral preoptic neurons by the somnogen prostaglandin D2. Proc

Natl Acad Sci USA 95(13):7754–7759.

Schaap J, Albus H, vandeLeest HT, Eilers PHC, Detari L, Mejer JH (2003) Hetero-

geneity of rhythmic suprachiasmatic nucleus neurons: implications for circadian

waveform and photoperiodic encoding. Proc Natl Acad Sci USA 100(26):15994–9.

Semba K (1999) The mesopontine cholinergic system: a dual role in REM sleep

and wakefulness. In Handbook of behavioral state control: molecular and cellular

mechanisms, R Lydic, HA Baghdoyan, ed, pp 161–180, Boca Raton, FL:CRC.

Semba K, Fibiger HC (1992) Afferent connections of the laterodorsal and the pe-

dunculopontine tegmental nuclei in the rat: a retro- and antero-grade transport

and immuohistochemical study. J Comp Neurol 323:387–410.

Sherin JE, Shiromani PJ, McCarley RW, Saper CB (1996) Activation of ventrolat-

eral preoptic neurons during sleep. Science 271:216–219.

Shiromani PJ, Scammel TE, Sherin JE, Saper CB (1998) Hypothalamic regula-

tion of sleep. In Handbook of Behavioral State Control: Cellular and Molecular

114



Mechanisms, R Lydic, HA Baghdoyan, ed, pp 311–326, CRC Press.

Shouse MN, Siegel JM (1992) Pontine regulation of REM sleep components in cats:

integrity of the pedunculopontine tegmentum (PPT) is important for phasic events

but unnecessary for atonia during REM sleep. Brain Res 571(1):50–63.

Siegel J (2002) The neural control of sleep and waking. Springer-Verlag New York,

Inc.

Siegel JM (1990) Mechanisms of sleep control. J Clin Neurophysiol 7(1):49–65.

Siegel JM (2000) Brainstem mechanisms generating REM sleep. In Principles and

practice of sleep medicine, MH Kryger, T Roth, WC Dement, ed, pp 112–133,

Philadelphia: W.B. Saunders Company.

Siegel JM (2008) Do all animals sleep? Trends Neurosci 31(4):208–213.

Sinton CM, McCarley RW (2004) Neurophysiological mechanisms of sleep and wake-

fulness: a question of balance. Semin Neurol 24(3):211–223.

Steininger TL, Rye DB, Wainer BH (1992) Afferent projections to the cholinergic

pedunculopontine tegmental nucleus and adjacent midbrain extrapyramidal area

in the albino rat. I. Retrograde tracing studies. J Comp Neurol 321(4):515–543.

Stenberg D, Litonius E, Halldner L, Johansson B, Fredholm BB and Porkka-Heiska-

nen T (2003) Sleep and its homeostatic regulation in mice lacking the adenosine

A1 receptor. J Sleep Res 12:283–290.

Steriade M (1992) Basic mechanisms of sleep generation. Neurology 42(7):9–17.

Steriade M (1994) Sleep oscillations and their blockage by activating systems. J

Psychiatry Neurosci 19(5):354–358.

Steriade M (2003) The corticothalamic system in sleep. Front Biosci 8:d878–d899.

Steriade M (2005) Sleep and neuronal plasticity: cellular mechanisms of corticotha-

lamic oscillations. In Sleep circuits and functions, PH Luppi, ed, pp 1–24, CRC

Press LLC.

Steriade M, Amzica F (1998) Coalescence of sleep rhythms and their chronology in

corticothalamic networks. Sleep Res Online 1(1):1–10.
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