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Abstract. The slow oscillation circuit of the intergeniculate leaflet seems to

constitute a natural basic rhythm of the neuronal mechanism of mammalian

biological clock. The results of studies conducted so far indicate that photic

information flowing from ganglion cells of the retina is necessary for its

generation. On the other hand, this circuit is maintained thanks to the

oscillatory activity of GABAergic interneurons, the majority of which build

up this structure, mainly in combination with neuropeptide Y and

enkephalins. The activity of non-specific projections of the brain, whose

terminals are present in the intergeniculate leaflet, modulates the slow

oscillation circuit of the leaflet neurons, without changing its oscillatory

pattern, though. Our hypothesis predicts a role of the oscillatory activity of

intergeniculate leaflet neurons in facilitation the secretion of neuropeptides

and neurohormones present in the very elements making up the mechanism of

mammalian biological clock and structures linked to it. This constitutes a kind

of functional junction between the central mechanism of mammalian

biological clock with an ultradian rhythm and its peripheral clocks whose

rhythm is circadian.
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INTRODUCTION

The intergeniculate leaflet (IGL) belongs to the lat-

eral geniculate nucleus (LGN) of the thalamus and is lo-

calized between its dorsal part (dorsal lateral geniculate;

DLG) and ventral one (ventral lateral geniculate; VLG)

(Fig. 1). For a long time this structure had not been dis-

tinguished from the remainder of the lateral geniculate

body and had been ascribed to its ventral part. Only

immunohistochemical and autoradiographic methods

demonstrated its entirely different anatomical character

and determined the limits of its occurrence and its links

with other brain structures (Hickey and Spear 1976,

Moore and Card 1994). The IGL is composed of small

and medium-size multipolar interneurons whose den-

dritic zone is limited to the area occupied by the IGL, a

feature that distinguishes it from the remainder of the

lateral geniculate body. A homologue of this structure in

monkeys and man is the pregeniculate nucleus (Moore

1989).

The IGL is an extremely important structural and func-

tional element of the neuronal mechanism of mammalian

biological clock (Fig. 2). It receives photic information

from ganglion cells of the retina, i.e., the same cells that

project their fibers to the suprachiasmatic nuclei (SCN),

the main generator of biological clock. Above all, how-

ever, the IGL is responsible for the receipt of non-photic

information which, besides photic information, is re-

garded as a pivotal external synchronizer of biological
rhythms. These non-photic informations are of particu-

lar importance to higher organisms including man, for
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Fig. 1. Schematic drawing of the coronal section through the

rat brain illustrating the localization of the intergeniculate

leaflet (IGL): (DLG) dorsal lateral geniculate nucleus; (VLG)

ventral lateral geniculate nucleus; (IGL) intergeniculate leaf-

let. Scale bar = 500 �m

Fig. 2. Schematic drawing of the sagittal section through the rat brain illustrating the rough wiring between the main neuronal ele-

ments of the mammalian biological clock and the sources of the modulatory input to the IGL. (SCN) suprachiasmatic nucleus,

(IGL) intergeniculate leaflet; (RHT) retinohypothalamic tract; (OT) optic tract; (GHT) geniculohypothalamic tract; (DRN) dorsal

raphe nucleus; (LC) locus coeruleus; (LDTg) laterodorsal tegmental nuclei; (PPTg) pentuculopontine tegmental nuclei



whom light and darkness, the availability of food or am-

bient temperature are not the only factors affecting his

work. The equally important stimuli that synchronize

our rhythmic processes are all non-photic effects. Under

certain conditions, their influence on the organism and

thus also on rhythmic processes may be stronger than

that of light. Such non-photic stimuli as behavioral

arousal (which induces both hyperactivity and sleep de-

privation), food shortage and social interactions (e.g.,

mating-oriented behaviors) do not have their specific

projections in the brain, hence via activation of non-spe-

cific systems they affect the whole brain evoking its

arousal (Hastings et al. 1998). There exists some ana-

tomical evidence for a close connection between

sources of non-specific projections in the brain stem and

the IGL (Vrang et al. 2003). Thanks to them, the whole

neuronal mechanism of mammalian biological clock re-

ceives information about the organism’s arousal. The

role of IGL consists in integrating the photic effects

transmitted by the optic tract (OT) with non-photic ones

and in analyzing them. The outcome of this analysis

reaches – via the geniculate-hypothalamic tract (GHT) –

the main generator of mammalian biological clock, i.e.,

the suprachiasmatic nuclei. Via the SCN, this signal

stringently regulates – through other brain structures,

mainly the pituitary-hypothalamic axis – rhythmic be-

havioral and physiological processes of the whole or-

ganism. Recently there have been discovered additional

efferent projections from rat IGL to regions situated be-

yond the circadian system (Moore et al. 2000, Morin

and Blanchard 2001). However, numerous authors agree

that the tract to the SCN is of basic and utmost importance.

The role of the reciprocal connection between leaflets

of both lateral geniculate bodies through the supraoptic

and posterior commissures is extremely interesting and

still remains to be fully elucidated (Mikkelsen 1992). It

is noteworthy that none of the two remaining parts of the

LGN (dorsal and ventral) has such a connection. The

two main oscillators of the biological clock, SCN and

IGL (and in practice four, as each of them has its

contralateral neighbor), form through their reciprocal

anatomical connections a closed system of the neuronal

mechanism synchronizing mammalian biological

rhythms (Fig. 2). These reciprocal connections between

the IGL and the SCN constitute anatomical evidence for

the involvement of the IGL in the regulation of rhythmic

processes.

This anatomical evidence for the relationship be-

tween the IGL and the mechanism of mammalian bio-

logical clock is confirmed by the results of physiologi-

cal and behavioral studies which directly demonstrated

IGL involvement in the synchronization of circadian

rhythms. Electric stimulation of the IGL produces a

shift in the rhythm phase – different from that evoked by

a light impulse, though. Electric lesion of both IGL al-

ways results in desynchronization of the locomotor ac-

tivity rhythm in the mouse (Lewandowski and Usarek

2002). The results of the latter experiment corroborated

some earlier observations on the pivotal role of the IGL

in synchronizing rhythmic phenomena, especially in

animals kept under constant conditions (constant dark-

ness or constant light). In that experiment, however, we

were the first to demonstrate – using a specially de-

signed program for the analysis of chronobiological

data (Domos³awski et al. 1991) – a statistically signifi-

cant decrease (by 68%) in locomotor activity, and pro-

longation of the rhythm length by 45 min after IGL

lesion. These findings point to a lack of non-photic syn-

chronization in the circadian system after IGL lesion

(Wickland and Turek 1994), which is probably due to

the absence of inhibitory effect stemming from the IGL.

The activity of as many as 70% of SCN neurons is inhib-

ited after IGL stimulation (Roig et al., 1997). Also be-

havioral activity, being one of non-photic factors,

induces a decrease in the firing rate of SCN neurons

(Schaap and Meijer 2001). Of crucial importance is the

observation that under standard laboratory conditions

and at a constant light regimen (12 h light/12 h dark-

ness), IGL lesion does not hinder the course of circadian

rhythms. Light or darkness, which is a strong stimulus,

delivered always at the same time intervals at a limited

access to other (non-photic) stimuli, is a dominating sig-

nal and the only synchronizer of rhythmic processes.

However, it should be borne in mind that laboratory

conditions are far from the real situation in which the

majority of organisms, including man above all, live.

Therefore the presence and significance of the structure

that receives and integrates non-photic information with

photic one is extremely important. This pivotal role is

played by the IGL itself.

SLOW OSCILLATION OF IGL
NEURONS

There are only few papers concerning electrophysio-

logical studies into the activity of neurons making up

the IGL (Harrington 1997). Using a method of

extracellular recording of the spontaneously generated
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action potentials, we found – completely by accident –

an extremely interesting isoperiodic oscillatory activity

of neurons making up the IGL (Lewandowski et al.

2000). These neurons generate action potentials in

rhythmically repeating burst firing episodes at constant

interburst intervals (Fig. 3). The mean time in which

IGL cells change their activity level amounts to 124 ± 7

s. Interestingly, such an activity pattern is displayed by

leaflet neurons only and is absent within the dorsal and

ventral parts of the LGN. On the other hand, the pattern

in question can be seen in suprachiasmatic nuclei of the

hypothalamus (Aggelopoulos and Meissl 2000, Miller

and Fuller 1992), and in the activity of cells of the pineal

gland (Reuss 1987) to which the IGL has an additional

projection in rats (Mikkelsen and Moller 1990) and

Mongolian gerbils (Mikkelsen et al. 1991). The same

pattern of cellular activity in two main structures (SCN

and IGL) of the neuronal mechanism of mammalian bi-

ological clock permits an assumption that it constitutes a

very important, natural, basic rhythm which is charac-

teristic of the work of not only these two structures, but

also of the whole mechanism of mammalian biological

clock. However, a crucial, most important question is

bound to occur regarding the physiological significance

and functional relationship of this short-lasting

ultradian rhythmic activity of neurons with a long-last-

ing, commonly observed circadian rhythm. To formu-

late a hypothesis which would draw us closer to

answering this question, we should examine the source

of oscillations of IGL cells, their pharmacology, and the

impact of non-specific projections on these oscillations.

THE ORIGIN OF OSCILLATIONS OF
IGL NEURONS

The oscillatory activity of neurons most frequently

stems from the rhythmic activity of the neuronal net-

work itself which makes up a particular structure, or is

the sum of activities of individual neurons, induced by

external factors. Thalamic cells, to which the IGL be-

longs, fire in two distinct modes: burst or tonic. It is

commonly believed that relay cell bursting can be seen

only during certain phases of sleep, deep anesthesia, or

absence of seizures when the bursting is rhythmic

(Steriade et al. 1993). This may suggest that also the os-

cillatory activity of IGL neurons of rats under urethane

anesthesia, recorded in our experiment, stems from it.

However, some bursting has been observed in lightly

anaesthetized and behaving animals (for reviews see

Massaux and Edeline 2004, Ramcharan et al. 2000). It is

suggested that general anesthesia may suppress the

photoentrainment of the circadian system; this, how-

ever, does not concern urethane anesthesia (Colwell et

al. 1993). The very distinct territorial occurrence of os-

cillations (limited only to the area occupied by the IGL)

and its disappearance after switching the light off and

Fig. 3. Firing rate histogram showing rhythmic slow bursting activity (isoperiodic, ultradian oscillation) of intergeniculate leaf-

let (IGL) neurons. Bin size = 1 second
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reappearance after switching it on also point to its occur-

rence irrespective of anesthesia. However, the above as-

sumption will be fully corroborated only by the results

of the recording conducted on behaving animals. A high

degree of correlation between the activity of neurons of

the dorsal part of lateral geniculate nucleus and that of

visual cortex neurons testifies to a functional relation-

ship between these two extremely important structures

and their participation in the process of seeing. The lack

of such correlation in the case of the IGL further corrob-

orates the involvement of this structure in a mechanism

different from the latter process (Lewandowski et al.

2000).

The reciprocal connection between both leaflets of

the LGN may suggest that the activity of either of them,

and thus also of the recorded oscillations, depends on

the presence and activity of the other leaflet, especially

as the population of neurons participating in this recip-

rocal connection differs from that projecting to the

SCN, and since electric stimulation of one leaflet causes

inhibition of the neuronal activity of the other (Harring-

ton 1997, Zhang and Rusak 1989). It has turned out,

however, that electric lesion or pharmacological block-

ade of the activity of one leaflet has no effect on the os-

cillations recorded in the contralateral leaflet

(Lewandowski et al. 2002). These findings prove that

the neuronal population generating oscillations differs

from that connecting both leaflets of the LGN, which

may indicate their endogenous origin, irrespective of

other influences. However, our latest experiments with

antidromic responses to the stimulation of the

contralateral IGL have indicated that some bursting

cells form a reciprocal connection between both these

structures (unpublished observation). All the same, the

significance of the reciprocal connection between both

IGL still remains an open question. The hypotheses

about the endogenous origin of oscillations have not

been confirmed by the results of our in vitro studies

(B³asiak and Lewandowski, in press). In all our experi-

ments we observed three patterns of the activity of neu-

rons whose largest percentage were cells working in

both an irregular and a regular way, i.e. tonically. A dis-

tinct, statistically significant group of cells with an os-

cillatory activity pattern was lacking, though. Three

similar types of the firing pattern (regular, irregular and

bursting) were also described in SCN neurons (Zhang et

al. 1995). Like in the SCN (Shibata et al. 1984,

Thomson et al. 1984), in the IGL those three types of

neuronal activity occurred spontaneously, but at the

same time without any noticeable or explicable regular-

ity. In an in vitro preparation, not only connections with

other brain structures are eliminated, but also local in-

teractions between cells are reduced, which in the case

of oscillating cells is of utmost importance. Similar dis-

proportions in the cell activity recorded in vitro and in

vivo have been found in the SCN and are discussed in a

paper by Meijer et al. (1998). The disappearance of os-

cillations of IGL neurons in an in vivo preparation after

turning the light off during measurement and their reap-

pearance after turning it on again (Lewandowski et al.

2000) suggests a role of light in generating this type of

activity pattern of IGL neurons (Fig. 4). The latter as-

sumption was amply confirmed by our latest experi-

ments in which blockade of the sodium conduction of

ganglion cells of the retina by means of tetrodoxin

(TTX) administration to the eyeball of tested animals,

always caused the disappearance of oscillations in the

IGL (B³asiak and Lewandowski, in press).

The latter results are particularly interesting, as the

disappearance of oscillations was observed only when

TTX was administered to the eyeball contralateral to the

recording site. The latter electrophysiological effect

fully corroborated the anatomical studies which demon-

strated the prevalence of contralateral retina ganglion

cells axons in the IGL (Hickey and Spear 1976, Moore

et al. 1995). Also other nuclei involved in the circadian

system receive innervation largely, but not solely, from

the contralateral retina (Muscat et al. 2003). However,

the significance of this interesting phenomenon for the

functioning of the clock mechanism still remains un-

clear. All the same, we may definitely propose that light

is a trigger for oscillations in the IGL. So far, we have

not been able to unequivocally ascertain, though,

whether they are generated already at the level of gan-

glion cells themselves, or only in the IGL.

PHARMACOLOGY OF
OSCILLATIONS OF IGL NEURONS

The vast majority of neurons that build up the mecha-

nism of mammalian biological clock are inhibitory

GABAergic nerve cells (Moore and Speh 1993). Ap-

proximately 60% of the SCN neurons in culture are

immunoreactive to glutamic acid decarboxylase (GAD),

a GABA-synthesizing enzyme. Also in cells building up

the IGL, GABA is present in combination with

neuropeptide Y in a projection to the SCN, and in com-

bination with enkephalins in a projection to the
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contralateral IGL. The Nissl staining, combined with

GAD immunohistochemistry have revealed that all IGL

neurons produce this neurotransmitter. The pharmaco-

logical results of our studies have unequivocally shown

that the GABAergic projection participates in generat-

ing isoperiodic oscillations of IGL neurons. In our ex-

periment (B³asiak and Lewandowski, in press),

intraventricular administration of a GABAA receptor

antagonist (bicuculline, picrotoxin) always blocked the

observed oscillations in a statistically significant man-

ner time-wise (Fig. 5).

That effect was dose-dependent, which additionally

points to the involvement of a GABAergic projection in

the observed phenomenon. However, on the basis of

intraventricular administration we are not absolutely

sure whether the observed disappearance of oscillations

Fig. 4. Firing rate histograms of simultaneously recorded neuronal activity of both right (top) and left (bottom) IGLs. Chemical block-

ade of the right eye retina (TTX injection; first vertical bar – both histograms) causes total disappearances of the neuronal activity in

the left IGL and induces no change in the activity of neurons in right IGL at the same time. Shut down of neuronal firing of right IGL

was caused just after the TTX has been injected (second vertical bar – both histograms) into the left eye. Bin size = 1 second
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stems from the blockade of inhibitory connections at a

level of the leaflet itself, or other external structures with

projections to it, in which GABA is also present. The dis-

appearance of oscillations after turning off the light, as

observed in our first experiments (Lewandowski et al.

2000), may indicate a decrease in GABA level in the en-

tire circadian system, above all, however, in ganglion

cells of the retina. It so happens that GABA, apart from

the distinct circadian rhythm of its activity (Aguilar-

-Roblero et al. 1993), shows a visible decrease in its

level under constant darkness conditions, at least as ob-

served in the SCN (Ralph and Menaker 1989). There

may be, however, another explanation of the disappear-

ance of oscillations after the blockade of GABA recep-

tors, which is connected with dual GABA activity,

dependent on the time of day or night. It exerts an inhibi-

tory effect during the night, and a excitatory one in the

daytime (Wagner et al. 1997). This dual activity is

linked to oscillatory alterations in intracellular chloride

concentration: from high levels during a subjective day

to low levels during a subjective night (Wagner et al.

2001). Both the stimulatory and the inhibitory effect is

blocked by bicuculline or picrotoxin administration,

which suggests that either response is mediated by

GABAA receptors connected with chloride channels.

GABA has also been shown to act as either an inhibitory

or an excitatory transmitter in the synchronization

mechanism of circadian firing rhythms in cultures of rat

suprachiasmatic neurons (Shirakawa et al. 2000). It may

therefore be assumed that the oscillatory activity of IGL

neurons stems from the stimulatory action of GABA,

while their disappearance after turning the light off is

due to the inhibitory action of GABA; however, this hy-

pothesis needs to be experimentally verified.

Fig. 5. The firing rate histogram of IGL neuronal activity before and after i.c.v. application of bicuculline (top) and picrotoxin

(bottom). Bin size = 1 second. A horizontal, dashed bar indicates the time of drug application (1.6 �g, BIC and 0.8 �g, PTX).
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INFLUENCE OF NON-SPECIFIC
SYSTEMS ON OSCILLATIONS IN
THE IGL

One of the most pivotal non-specific projections of

the brain, which is of crucial significance to the regula-

tion of circadian rhythmic processes including above all

the most important one: the sleep and waking rhythm, is

the serotonergic system of midbrain raphe nuclei

(Mistlberger et al. 2000). The median part of raphe nu-

clei (MnRN) has its terminals in the suprachiasmatic nu-

clei of the hypothalamus, while the dorsal part of raphe

nuclei (DRN) – in the IGL (Fig. 2). Electric stimulation

of the DRN always produced a statistically significant

decrease in the amplitude of isoperiodic oscillations in

the IGL, whereas its lesion caused a distinct increase in

that parameter (Fig. 6) (B³asiak and Lewandowski

2003a).

On the other hand, intraperitoneal and intraventricu-

lar administration of a serotonin receptor agonist

(8-OH-DPAT) evoked a statistically significant (revers-

ible) increase in the level of oscillatory activity of IGL

neurons (Fig. 7) (B³asiak and Lewandowski 2003b).

That unexpected result, seemingly opposed to the ex-

pected one, was probably caused by a process of the

so-called desensitization of serotonergic neurons to the

administered compound, due to which their activity –

and thus also the amount of serotonin released by them –

was inhibited.

We do not have sufficient evidence, however, to un-

equivocally ascertain whether the observed effect stems

directly or indirectly from the impact of a serotonergic

projection on IGL activity, especially as reciprocal

serotonergic connections have recently been found be-

tween the median and the dorsal raphe nuclei in the

hamster (Tischler and Morin 2003). Hence the observed

modulatory effect of the serotonergic projection on IGL

activity may be mediated by the SCN.

Undoubtedly, the distinct inhibition of the oscillatory

activity of IGL neurons after activation of the

serotonergic system is an example of the modulatory ef-

fect of non-specific projections of the brainstem on the

clock mechanism. Possibly, the character of this modu-

lation depends on the state of brain arousal and the im-

pact of both the specific stimulus, i.e., light, and

unspecific, i.e., the non-photic ones on the circadian

mechanism of mammalian biological clock. In some

states, the modulation that originates in the brainstem

may facilitate transmission of the information reaching

the IGL, and inhibit it in others. We do not know, how-

ever, whether and when inhibition or facilitation is al-

ways connected with synchronization only, or whether

it may also cause desynchronization of the entire circa-

dian system. A modulatory effect on the IGL is also ex-

erted by a cholinergic projection of the brainstem.

Electrical or pharmacological activation of the main

sources of that projection affected in a statistically sig-

nificant manner the field potential evoked in IGL by

Fig. 6. A firing rate histogram of IGL neuronal activity before and after an electrolytic lesion of the dorsal raphe nucleus (DRN).

The vertical bar indicates a DRN lesion. Bin size = 1 second
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stimulation of the SCN (Lewandowski and B³asiak

1999). Taking account of the fact that GABA is a domi-

nating neurotransmitter of both the IGL and the entire

circadian system, the effect observed in our experiment

may be due to stimulation of the cholinergic receptors

localized on these neurons. Possibly, prolongation of

the rhythm of locomotor activity by IGL lesion, de-

scribed in behavioral studies, stems from the lack of

modulatory inhibition originating in the IGL.

SENSE OF A SLOW OSCILLATION
CIRCUIT IN THE IGL
HYPOTHESIS

One of the frequently asked questions concerning the

observed neuronal oscillations in the IGL is that about

their role in the functioning of the mechanism of biolog-

ical clock and the whole organism (Lewandowski and

B³asiak 2002). In comparison with the commonly re-

corded oscillations of high frequency, whose signifi-

cance has been well documented (Singer 1998), this

activity is very slow. On the other hand, however, it is

fairly fast compared to the commonly recorded circa-

dian rhythm. In an attempt to put forward a hypothesis

drawing us closer to an answer to this key question, a

few basic facts should be considered: (i) the circadian

rhythm, often termed "clock hands", is a final, external

effect of work of the internal ultradian mechanism of

mammalian biological clock; (ii) the two main struc-

tural elements (SCN and IGL) that make up the neuronal

mechanism of mammalian biological clock are closely

linked anatomically and functionally with each other;

Fig. 7. A firing rate histogram of IGL neuronal activity before and after 8-OH-DPAT intraperitoneal (i.p. – top) and

intracerebroventricular (i.c.v. – bottom) injection. The white-filled dot indicates time of the injection/infusion. Bin size = 1 second
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(iii) SCN and IGL show the same oscillatory pattern of

neuronal activity; (iv) SCN is situated in the very close

vicinity of the hypothalamic nuclei and the hypothala-

mus-pituitary axis; (v) SCN has a direct nerve connec-

tion with a number of hypothalamic nuclei: the

dorsomedial nucleus (DMN), paraventricular nucleus

(PVN), subparaventricular zone (sPVz), supraoptic nu-

cleus (SON), or the lateral and dorsal hypothalamic ar-

eas (LDH) (Leak et al. 1999, van Esseveldt et al. 2000);

(vi) there has also been demonstrated oscillatory (erup-

tive) activity of neurons making up the following nu-

clei: paraventricular nucleus, supraoptic nucleus, lateral

hypothalamic area (LH) (Haller and Wakerley 1980,

Hatton 1982, Poulain and Wakerley 1982); (vii) there

has been shown pulsatory (eruptive) secretion of some

neurohormones, e.g., the antidiuretic hormone –

vasopressin (ADH), growth hormone (GH), luteinizing

hormone (LH), follicle-stimulating hormone (FSH),

adrenocorticotropin hormone (ACTH), or gonadotro-

pin-releasing hormone (GnRH) (for reviews see

Silverman and Zimmerman 1983, Vollrath 2002).

It may thus be hypothesized that the oscillatory (erup-

tive)-ultradian activity of neurons forming the mecha-

nism of mammalian biological clock regulates the

pulsatory secretion of hormones (Ahmad et al. 2001,

Pitts et al. 2001). It facilitates the release of these

macromolecular compounds from the SCN, IGL and

structures directly linked to them (van Esseveldt et al.

2000). This activity may constitute a functional link be-

tween the activity of neurons making up the clock mech-

anism and the secretion of neuropeptides and

neurohormones. Hermes et al. (1996) demonstrated the

presence of GABA and glutamate in monosynaptic

transmission from the SCN to defined specific neurons

in the paraventricular nucleus, and their involvement in

the regulation of neuroendocrine processes and autono-

mous functions. The oscillatory isoperiodic activity of

structures of the mammalian biological clock mecha-

nism possibly constitutes a functional junction between

the central clock situated in the brain and its "hands",

i.e., peripheral clocks whose circadian activity is com-

monly perceived and recorded, in contrast to the hardly

perceptible activity of the mechanism itself.

CONCLUSIONS

On the basis of studies conducted so far we may most

certainly conclude that the isoperiodic oscillatory activ-

ity of IGL neurons is engaged in the mechanism of

mammalian biological clock. Nevertheless, a full

understanding of the mechanism of generation of these

oscillations at a cellular level requires further elec-

trophysiological in vivo and in vitro studies, above all,

however, an attempt at their recording in behaving ani-

mals. On the other hand, the knowledge of their role in

the functioning of the mechanism of mammalian bio-

logical clock should involve combining electrophysiol-

ogy with pharmacology and endocrinology. All the

same, a conclusion can be propounded that, in contrast

to the rapid oscillations recorded mainly in the cerebral

cortex, which constitute a kind of "a link between the

outside world and the interior of our organism" and are

necessary for its normal perception, the slow oscilla-

tions combine changes occurring inside our organism

with the world that surrounds us. They are an indispens-

able substrate for the synchronization of our behaviors

and physiological processes in the changing circadian

rhythm of day and night.

It should, however, be borne in mind – especially in

the case of interference in rhythmic processes – that the

internal clock mechanism works in a rhythm that is con-

siderably shorter than that commonly perceived and re-

corded by us.

ACKNOWLEDGEMENT

Supported by KBN grant no. 6804C10921.

REFERENCES

Aggelopoulos NC, Meissl H (2000) Responses of neurones of

the rat suprachiasmatic nucleus to retinal illumination un-

der photic and scotopic conditions. J Physiol 523:

211-222.

Aguilar-Roblero R, Verduzco-Carbajal L, Rodríguez C,

Menedez-Franco J, Morán J, Perez de la Mora M (1993)

Circadian rhythmicity in the GABAergic system in the

suprachiasmatic nuclei of the rat. Neurosci Lett 157:

199-202.

Ahmad AM, Guzder R, Wallance AM, Thomas J, Fraser WD,

Vora JP (2001) Circadian and ultradian rhythm and leptin

pulsatility in adult GH deficiency: effects of GH replace-

ment. J Clin Endocrinol Metab 86: 3499-3506.

B³asiak T, Lewandowski MH (2003a) Dorsal raphe nucleus

modulates neuronal activity in the rat intergeniculate leaf-

let. Behav Brain Res 138: 179-185.

B³asiak T, Lewandowski MH (2003b) Influence of systemic

administration of 5HT1A7 receptor anatgonist on the

neuronal activity of the rat intergeniculate leaflet. Acta

Neurobiol Exp (Wars) 63: 252.

286 M. Lewandowski and T. B³asiak



Colwell CS, Kaufman CM, Menaker M, Ralph MR (1993)

Light-induced phase shifts and fos expresion in the ham-

ster circadian system: the effects of anesthetics. J Biol

Rhythm 8: 179-188.

Domos³awski J, Zaj¹c W, Lewandowski MH, Hess G (1991)

Chronos experimental data processing package for

chronobiology. J Interdiscipl Cycle Res 2: 108-109.

Haller EW, Wakerley JB (1980) Electrophysiological studies

of paraventricular and supraoptic neurones recorded in vitro

from slices of rat hypothalamus. J Physiol 302: 347-362.

Harrington ME (1997) The ventral lateral geniculate nucleus

and the intergeniculate leaflet: interrelated structures in the

visual and circadian systems. Neurosci Biobehav Rev 21:

705-727.

Hastings MH, Duffield ED, Smith EJD, Maywood ES, Ebling

FJP (1998) Entrainment of the circadian system of mam-

mals by nonphotic cues. Chronobiol Internat 15: 425-445.

Hatton GI (1982) Phasic bursting activity of rat

paraventricular neurones in the absence of synaptic trans-

mission. J Physiol 327: 273-284.

Hermes MLH, Coderre EM, Buijs RM, Renaud LP (1996)

GABA and glutamate mediate rapid neurotransmission

from suprachiasmatic nucleus to hypothalamic

paraventricular nucleus in rat. J Physiol 496: 749-757.

Hickey TL, Spear PD (1976) Retinogeniculate projections in

hooded and albino rats. Exp Brain Res 24: 523-529.

Leak RK, Card JP, Moore RY (1999) Suprachiasmatic pace-

maker organization analyzed by viral transynaptic trans-

port. Brain Res 819: 23-32.

Lewandowski MH, B³asiak T (1999) The effect of brainstem

stimulation on the evoked potentials in the intergeniculate

leaflet. Brain Res 827: 139-142.

Lewandowski MH, B³asiak T (2002) Nature, pharmacology

and significance of neuronal oscillation in rat

intergeniculate leaflet. J Physiol Pharmacol (Suppl) 53: 55.

Lewandowski MH, Usarek A (2002) Effects of

intergenculate leaflet lesions on circadian rhythms in the

mouse. Behav Brain Res 128: 13-17.

Lewandowski MH, B³asiak T, Domos³awski J, Wo³kowska A

(2000) Ultradian rhythmic neuronal oscillation in the

intergeniculate leaflet. Neuroreport 11: 317-321.

Lewandowski MH, B³asiak T, B³asiak A (2002) Are ul-

tra-slow isoperiodic oscillations in rat intergeniculate leaf-

let neurons dependent on reciprocal connection with its

contralaterally located counterpart? Neurosci Lett 330:

243-246.

Massaux A, Edeline JM (2004) Burst in the medial geniculate

body: a comparison between anesthetized and

unanesthetized states in guinea pig. Exp Brain Res 153:

573-578.

Meijer JH, Watanabe K, Schaap J, Albus H, Detari L (1998)

Light responsiveness of the suprachiasmatic nucleus:

long-term multiunit and single-unit recordings in freely

moving rats. J Neurosci 18: 9078-9087.

Mikkelsen JD (1992) The organization of the crossed

geniculogeniculate pathway of the rat: A Phaseolus

vulgaris – leucoagglutinin study. Neurosci 48: 953-962.

Mikkelsen JD, Moller M (1990) A direct neural projection

from the intergeniculate leaflet of the lateral geniculate nu-

cleus of the deep pineal gland of the rat, demonstrated with

Phaseolus vulgaris leucoagglutinin. Brain Res 520:

342-346.

Mikkelsen JD, Lozzi B, Moller M (1991) Efferent projections

from the lateral geniculate nucleus to the pineal complex of

the mongolian gerbil. Cell Tiss Res 264: 95-102.

Miller JD, Fuller CA (1992) Isoperiodic neuronal activity in

suprachiasmatic nucleus of the rat. Am J Physiol 263:

R51-R58.

Mistlberger RE, Antle MC, Glass JD, Miller JD (2000) Be-

havioral and serotonergic regulation of circadian rhythms.

Biol Rhythm Res 31: 240-283.

Moore RY (1989) The geniculohypothalamic tract in monkey

and man. Brain Res 486: 190-194.

Moore RY, Card JP (1994) Intergeniculate leaflet: An ana-

tomically and functionally distinct subdivision of the lat-

eral geniculate complex. J Comp Neurol 344: 403-430.

Moore RY, Speh JC (1993) GABA is the principal neurotrans-

mitter of the circadian system. Neurosci Lett 150: 112-116.

Moore RY, Speh JC, Card JP (1995) The

retinohypothalamic tract originates from a distinct subset

of retinal ganglion cells. J Comp Neurol 352: 351-366.

Moore RY, Weis R, Moga MM (2000) Efferent projections of

the intergeniculate leaflet and the ventral lateral geniculate

nucleus in the rat. J Comp Neurol 420: 398-418.

Morin L, Blanchard JH (2001) Neuromodulator content of

hamster intergeniculate leaflet neurons and their projec-

tion to the suprachiasmatic nucleus or visual midbrain. J

Comp Neurol 437: 79-90.

Muscat L, Huberman AD, Jordan CL, Morin LP (2003)

Crossed and uncrossed retinal projections to the hamster

circadian system. J Comp Neurol 466: 513-524.

Pitts GR, Nunemaker CS, Moenter SM (2001) Cycles of tran-

scriptions and translation do not comprise the gonadotro-

pin-releasing hormone pulse generator in GT1 cells.

Endocrinology 142: 1858-1864.

Poulain DA, Wakerley JB (1982) Electrophysiology of hypo-

thalamic magnocellular neurones secreting oxytocin and

vasopressin. Neuroscience 4:773-808.

Ralph M, Menaker M (1989) GABA regulation of circadian

responses to light I. Involvementof GABAa-benzodiaz-

epine and GABAb receptors. J Neurosci 9: 2858-2865.

Ramcharan EJ, Gnadt JW, Sherman SM (2000) Burst and

tonic firing in thalamic cells of unanesthetized, behaving

monkeys. Visual Neurosci 17: 55-62.

Reuss S (1987) Electrical activity of the mammalian pineal

gland. Pineal Res Rev 5: 153-189.

Roig JA, Granados-Fuentes D, Aguilar-Roblero R (1997)

Neuronal subpopulations in the suprachiasmatic nuclei

Slow oscillation circuit of the IGL 287



based on their response to retinal and intergeniculate leaf-

let stimulation. Neuroreport 8: 885-890.

Schaap J, Meijer JH (2001) Opposing effects of behavioural

activity and light on neurones of the suprachiasmatic nu-

cleus. Eur J Neurosci 13: 1955-1962.

Shibata S, Oomura Y, Liou SY, Ueki S (1984)

Electrophysiological studies of the development of

suprachiasmatic neuronal activity in hypothalamic slice

preparations. Brain Res 13: 29-35.

Shirakawa T, Honma S, Katsuno Y, Oguchi H, Honma K

(2000) Synchronization of circadian firing rhythms in cul-

tured rat suprachiasmatic neurons. Eur J Neurosci 12:

2833-2838.

Silverman AJ, Zimmerman EA (1983) Magnocellular

neurosecretory system. Rev Neurosci 6: 357-380.

Singer W (1998) Consciousness and the structure of neuronal

representations. Phil Trans R Soc London 353: 1829-1840.

Steriade M, McCormick DA, Sejnowski T (1993)

Thalamocortical oscillations in the sleeping and arousal

brain. Science 262: 679.

Tischler RC, Morin LP (2003) Reciprocal serotonergic con-

nections between the hamster median and dorsal raphe nu-

clei. Brain Res 981: 126-132.

Thomson AM, West DC, Vlachonikolis IG (1984) Regular

firing patterns of suprachiasmatic neurons maintained in

vitro. Neurosci Lett 52: 329-334.

Van Esseveldt KE, Lehman MN, Boer GJ (2000) The

suprachiasmatic nucleus and the circadian time-keeping

system revisited. Brain Res Rev 33: 43-77.

Vollrath L (2002) Chronoendokrinologia – Quo vadis? Ann

Anat 184: 583-593.

Vrang N, Mrosovsky N, Mikkelsen JD (2003) Afferent pro-

jections to the hamster intergeniculate leaflet demon-

strated by retrograde and anterograde tracing. Brain Res

Bull 59: 267-288.

Wagner S, Castel M, Gainer H, Yarom Y (1997) GABA in the

mammalian suprachiasmatic nucleus and its role in diurnal

rhythmicity. Nature 387: 598-603.

Wagner S, Sagiv N, Yarom Y (2001) GABA-induced current

and circadian regulation of chloride in neurones of the

suprachiasmatic nucleus. J Physiol 537: 853-869.

Wickland C, Turek FW (1994) Lesions of the thalamic

intergeniculate leaflet block activity-induced phase shifts

in the circadian activity rhythm of the golden hamster.

Brain Res 660: 293-300.

Zhang DX, Rusak B (1989) Photic sensitivity of geniculate

neurons that project to the suprachiasmatic nuclei or the

contralateral geniculate. Brain Res 504: 161-164.

Zhang L, Aguilar-Roblero R, Barrio RA, Maini PK (1995)

Rhythmic firing patterns in suprachiasmatic nucleus

(SCN): the role of circuit interactions. Int J Biomed

Comput 38: 23-31.

Received 2 February 2004, accepted 5 March 2004

288 M. Lewandowski and T. B³asiak


