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The suprachiasmatic nucleus (SCN) has been studied

extensively in rat and hamster and found to be a critical

locus for the regulation of circadian rhythmicity. The SCN

shows diurnal rhythms in neuropeptides (Earnest and Sladek,

1986; Takahashi et al., 1989; Morin et al., 1991) and in the

direction and magnitude of phase shifts produced by

pharmacological agents (Ralph and Menaker, 1989). There is

evidence that VIP (Ibata et al., 1989; Laemle, 1992) and

GABA (Ralph and Menaker, 1985, 1986, 1989) neurons are

associated with regulation of photic input to the SCN.

Although much is known about the localization of

neurotransmitters in SCN neurons, little is known about

neurotransmitter receptors in the SCN. The present

autoradiographic study examined ligands for three receptors,

chosen on the basis of high abundance of these receptors in

the SCN relative to other brain regions ([1251]VIP and

[125I]angiotensin II) or the ability of pharmacological

manipulations to affect the phase and period of circadian

rhythms (GABAA/benzodiazepine receptors: [3H]muscimol and

[3H]flunitrazepam). The distribution of each ligand showed



heterogeneity within the SCN and between species. [125I]VIP,

[ 3H]muscimol and [ 3H]flunitrazepam binding levels were

higher in the hamster than rat SCN. In contrast, high

levels of [1 25I.]angiotensin II delineated the rat but not

hamster SCN. None of the four ligands tested here showed

changes in receptor binding across the light-dark cycle or

effects of light-on at night in either rat or hamster SCN,

suggesting diurnal stability of these receptors.

The present study also characterized the ontogeny of

receptor binding in the rat SCN. From E18 to birth, when

there are very few synapses in the SCN (Koritsanszky, 1981;

Moore and Bernstein, 1989), high levels of [125 ]VIP binding

distinguished the SCN, and nearly adult levels of

[ 3H]muscimol, and [ 3HIflunitrazepam binding were present.

Receptors in the prenatal SCN could potentially respond to

blood-borne cues of maternal origin and might mediate

entrainment of fetal rhythms. In contrast, [1 25I]angiotensin

II binding did not delineate the nucleus until postnatal day

1. Early- and late-maturing receptors in the SCN may play

different roles in entrainment or in the sequential

development of circadian rhythms.
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I. INTRODUCTION TO THE STUDY

Anatomy of the suprachiasmatic nucleus

The suprachiasmatic nucleus (SCN) consists of a group

of tightly compacted small cells, situated above the optic

chiasm and lateral to the third ventricle (Guldner, 1983).

A single nucleus is about 0.13 to 0.16 mm' in volume and

contains about 10,000 neurons (van den Pol, 1980; Guldner,

1983). A variety of synaptic junctions have been described

(Gldner and Wolff, 1974; Gldner, 1976; Gnldner and Wolff,

1978). Gap junctions in the SCN are found only between

glial cells (van den Pol, 1991).

The rat and hamster SCN contains a diversity of

neurotransmitters, including neuropeptides (Card and Moore,

1984; van den Pol and Tsujimoto 1985). Based on anatomical

and neurochemical criteria, the nucleus has been divided

into dorsomedial and ventrolateral subdivisions. The

dorsomedial division is characterized by cells

immunoreactive for arginine vasopressin (Vandesande et al.,

1975; van Leeuwen et al., 1978; Buijs 1978, 1980; Sofroniew

and Weindl 1978, 1980; van den Pol and Tsujimoto, 1985) and

neurophysin (van den Pol and Tsujimoto, 1985). In contrast,

a group found in the ventrolateral region contains

predominantly vasoactive intestinal peptide (VIP) (Card et
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al., 1981; van den Pol and Tsujimoto, 1985.) and is

innervated by retinohypothalamic projection (RHT) (Johnson

et al., 1988). Angiotensin II immunoreactive cells are

distributed dorsally and medially (Lind et al., 1985; Watts

and Swanson, 1987). GABA-containing neurons are distributed

throughout the SCN (van den Pol and Tsujimoto, 1985; van den

Pol, 1986).

Specific neurotransmitters have been associated with

some of the afferents to the SCN. The retinohypothalamic

pathway (Hendrickson et al., 1972; Moore and Lenn, 1972;

Moore, 1973), which participates in light-dark entrainment

(Moore and Klein, 1972; Moore and Card, 1985), probably uses

glutamate or aspartate (Liou et al., 1986), N-

acetylaspartylglutamate (Moffett et al., 1987; De Vries et

al., 1993) and substance P (Takatsuji et al., 1991).

Neuropeptide Y immunoreactive axons originating in the

ventral lateral geniculate also terminate in the SCN (Moore

et al., 1984; Harrington et al., 1985; Card and Moore, 1989;

Morin et al., 1992), providing a second photic input. In

addition, the SCN receives serotonin-containing projections

from the raphe nucleus (Azmitia and Segal, 1978; Kent and

Sladek, 1978; Moore et al., 1978).

The efferents from the SCN project primarily to the

subparaventricular zone and several other hypothalamic

nuclei such as periventricular nucleus of the hypothalamus,

preoptic area nuclei and ventromedial nuclei of the
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hypothalamus (Swanson and Cowan, 1975; Berk and Finkelstein,

1981; Watts et al., 1987). There are limited projections to

extra-hypothalamic targets, including paraventricular

nucleus of the thalamus and intergeniculate leaflet of the

lateral geniculate nucleus (Watts et al., 1987).

Neurotransmitters such as vasopressin (Buijs, 1978) and

vasoactive intestinal peptide (VIP) (Card et al., 1981) have

been identified in SCN efferents.

SCN intrinsic or commissural neurons form connections

within the nucleus (Card and Moore, 1984; van den Pol,

1991). These neurons contain a variety of neurotransmitters

and neuropeptides, including GABA (van den Pol, 1986), VIP

(Card and Moore, 1984; van den Pol and Tsujimoto, 1985) and

angiotensin II (Lind et al, 1985; Watts and Swanson, 1987).

The pacemaker: intrinsic and entrainable

A great deal of evidence supports the proposition that

the SCN is the primary component of mammalian circadian

systems. Bilateral destruction of the SCN in both rats and

hamsters abolishes number of free-running circadian

rhythms (for reviews, see Turek, 1985; Meijer and Rietveld,

1989; Rietveld, 1992). Electrical stimulation of the SCN

causes phase-dependent phase shifts in free-running feeding

rhythms (rat) and activity rhythms (hamster): in constant

darkness, stimulation delivered through electrodes in the

SCN region induces phase delays during the early subjective
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night and advances in late subjective night (Rusak and

Groos, 1982). A circadian rhythm of multiple unit activity

persists in a surgically isolated SCN island (high activity

in the day, low at night), but is abolished outside the

island (Inouye and Kawamura, 1979). Similar circadian

rhythms of single- unit firing rates have been recorded in

SCN slices maintained in vitro (Green and Gillette, 1982;

Groos and Hendriks, 1982; Prosser and Gillette, 1989a).

Circadian rhythms of electrical activity are not present in

slices from other brain regions (Groos and Hendriks, 1982).

This evidence suggests that this hypothalamic nucleus is

capable of generating self-sustaining circadian

oscillations, not driven by neuronally communicated rhythms

originating elsewhere in the brain. The uniqueness of

rhythmicity in the rat SCN is-further supported by strong

diurnal variations in [14C]2-deoxyglucose uptake in the SCN

(in vivo, Schwartz and Gainer, 1977; in vitro, Newman et

al., 1992), but not in other brain regions (Schwartz and

Gainer, 1977; Newman et al., 1992). Finally, the pacemaker

properties of the SCN have been confirmed by the

demonstration that transplantation of SCN grafts restores

circadian rhythms in previously SCN-lesioned animals

(Drucker-Colin et al., 1984; DeCoursey and Buggy, 1986;

Lehman et al., 1987; Earnest et al., 1989; Aguilar-Roblero

et al., 1992); the period length of the restored rhythm is

those of the donor, not of the host (Ralph et al., 1990).
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Entrainment of intrinsic rhythms to the light-dark

cycle is also a fundamental property of mammalian circadian

clocks. Light is the strongest Zeitgeber for entrainment in

rats and hamsters. Light has a clear phase-dependency of

effects on the phase of circadian rhythms (DeCoursey,

1960a). For animals with free-running rhythms in constant

darkness, light pulses shortly after activity onset (early

subjective night) induce phase delays in an animal's daily

rhythms and induce phase advances toward the end of the

active period (late subjective night). However, light

pulses have little effect on an animal's circadian system in

the day or the middle of the night. This evidence supports

the idea that the intrinsic pacemaker has access to light

information and is capable of resetting.or synchronizing

endogenenous rhythms to light cues.

Possible involvement of neurotransmitters and receptors in

the mechanism of circadian rhythmicity

While many studies have described characteristics of

the SCN in relation to circadian rhythmicity, the mechanisms

underlying circadian timing have not yet been elucidated

(Takahashi, 1991; Takahashi and Kornhauser, 1993). The

present studies explore the hypothesis that neurotransmitter

receptors in the SCN participate in rhythm generation and/or

entrainment (Rusak and Bina, 1990; Rietveld, 1992).

Some evidence supports the involvement of
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neurotransmitters in the mechanism of circadian rhythm

generation. Diurnal variation in the SCN has been reported

in 5-HT uptake (Meyer and Quay, 1976a, homogenate assay of

hypothalamic slice), in release of arginine vasopressin

(AVP) (Earnest and Sladek, 1986; Gillette and Reppert, 1987)

and in responsiveness of SCN neurons to arginine vasopressin

(Liou and Albers, 1989). Other SCN neuropeptides such as

VIP (Takahashi et al., 1989; Morin et al., 1991) and

somatostatin (Shinohara et al., 1991) have been recently

reported to show circadian rhythms in levels of

immunoreactivity in the SCN. Moreover, the circadian period

of the hamster activity rhythm can be affected by triazolam,

a short-acting benzodiazepine (Joy et al., 1989).

Involvement of neurotransmitters in the regulation of

entrainment or circadian timing mechanisms is suggested by

evidence that agonists or antagonists of specific

neurotransmitter systems can cause phase shifts, or

interfere with light-induced phase shifts. Acetylcholine

and GABA are among the best studied SCN neurotransmitters in

relation to photic effects on the SCN. Light induces phase

shifts depending upon circadian time. This phase-dependency

can be mimicked by carbachol applied to the SCN region (Zatz

and Brownstein, 1979a; Zatz and Herkenham, 1981) and blocked

by a-bungarotoxin (Zatz and Brownstein, 1981). Similarly,

phase shifts can be differentially altered by GABA agents:

bicuculline, a GABAA receptor antagonist, blocks light-
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induced phase delays (Ralph and Menaker, 1985); whereas

diazepam, which facilitates GABA action at GABAA/BZ

receptors, blocks phase advances (Ralph and Menaker, 1986).

Recent studies have demonstrated that phase shifts can

result from local SCN application of neuropeptide Y (Albers

et al., 1984) and melatonin (Cassone et al., 1986), but not

vasopressin (Albers et al., 1984). Cyclic AMP, a second

messenger, also exhibits circadian variation in

concentration in the SCN (Murakami and Takahashi, 1983) and

can reset rhythms in SCN slices (Gillette and Prosser, 1988;

Prosser and Gillette, 1989). Taken together, these findings

support a role for neurotransmitter systems in entrainment

mechanisms.

Based on evidence presented above, one might

hypothesize that SCN neurotransmitter receptors are involved

in rhythm generating and entrainment properties of the

pacemaker. Although in various brain regions, a number of

neurotransmitter receptors including opiate (Naber et al.,

1981), muscarinic cholinergic (Kafka et al., 1981b) and

serotonergic (Akiyoshi et al., 1989) receptors were reported

to exhibit diurnal rhythms, there are few circadian studies

of neurotransmitter receptors in the SCN (Wirz-Justice et

al., 1983; Fuchs and Hoppens, 1987). Changes in

neurotransmitter concentrations can lead to changes in

neurotransmitter receptor levels, sometimes within a few

hours (Kebabian et al., 1975; Campochiaro et al., 1977). If
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circadian changes in SCN activity lead to changes in

transmitter levels, which in turn change SCN

neurotransmitter receptor levels, there could be a

subsequent circadian change in neuronal sensitivity to

neurotransmitters, which could then affect SCN neuronal

activity levels. Diurnal variation in receptor affinity or

number of binding sites might be detectable as diurnal

variation in receptor binding levels. Such variation in

receptor binding levels might also underlie phase-dependency

in the responsiveness of SCN neurons to light or

pharmacological agents.

Of the many neurotransmitter receptors that might be

involved in SCN function, three receptors -- vasoactive

intestinal peptide (VIP), angiotensin II, and

GABAA/benzodiazepine (GABAA/BZ) -- , were chosen for the

present study, for reasons described below.

The importance of VIP interneurons in SCN function has

been suggested by several lines of evidence. First, the SCN

contains a high density of VIP receptors (De Souza et al.,

1985; Besson et al., 1986; Martin et al., 1987) and a large

population of VIP immunoreactive neurons which are

concentrated in retinorecipient zone of the SCN and project

primarily within the nucleus (Card et al., 1981; Card and

Moore, 1984; van den Pol and Gorcs, 1986; van den Pol and

Tsujimoto, 1985). Second, VIP neurons in the SCN exhibit

diurnal variations in VIP immunoreactivity (Takahashi et
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al., 1989; Morin et al., 1991) and VIP mRNA (Albers et al.,

1990; Okamoto et al., 1991; Zoeller et al., 1992). Third,

retinal afferents synapse upon VIP neurons in the SCN (Ibata

et al, 1989); manipulation of retinal inputs affects VIP

immunoreactivity (Okamoto et al., 1990; Laemle, 1992) and

VIP mRNA (Holtzman et al., 1989). These data suggest an

involvement of VIP neurons in circadian rhythm generation

and/or photic entrainment. It is not known whether diurnal

changes of VIP content up- or down-regulates VIP receptor

levels in the SCN, but it is possible that light-induced

changes in VIP immunoreactivity and VIP mRNA are accompanied

by phase-dependent changes in VIP receptor levels.

The possibility that the angiotensin II system may also

be involved in circadian rhythmicity is suggested by the

observation that the SCN is one of a few regions in rat

brain having a very high density of angiotensin II receptors

(Mendelsohn et al., 1984; Gehlert et al., 1986).

Angiotensin II facilitates the release of several peptides

in the brain (Keil et al., 1975; Lang et al., 1981),

including vasopressin (Keil et al., 1975), which is released

from SCN slices in a circadian-dependent manner (Earnest and

Sladek, 1986). Whether rhythmic release of vasopressin is

dependent on circadian variation in angiotensin II receptors

in the SCN is not known.

GABA is considered the most abundant neurotransmitter

in the SCN, given that the majority of SCN neurons are
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GABAergic neurons (Moore and Speh, 1993). The a-subunit of

the GABAA/benzodiazepine (GABAA/BZ) receptor complex has a

binding site for benzodiazepines (Seeburg et al., 1990),

which facilitate GABA binding to other sites of this

receptor. Functional roles for GABAA/BZ receptors in the

SCN are suggested by phase-dependent effects of GABA

agonists or antagonists on light-induced phase shifts of

hamster locomotor rhythms (Ralph and Menaker, 1985,1986;

Turek and Losee-Olson, 1986). Light-induced circadian phase

delays can be blocked by the GABAA antagonist bicuculline

(Ralph and Menaker, 1985), whereas light induced phase

advances are diminished by diazepam, an agent that

potentiates GABA activity (Ralph and Menaker, 1986).

Moreover, phase-shifts are obtained by injecting into the

SCN the GABAA agonist muscimol (Smith et al., 1989). These

observations suggest that GABA neurotransmission is involved

in regulation of light responses of the circadian system and

that these GABA agents may exert their effect on circadian

phase through GABAA/BZ receptors in the SCN (Ralph and

Menaker, 1989).

Ontogeny

Correlation between SCN structure and function during

development may shed light on the mechanisms of circadian

timing. Although much is known about the anatomy and

metabolic rhythms in the developing SCN, little is known
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about the ontogeny of neurotransmitter systems in the SCN.

The SCN can first be distinguished as a nucleus in

Nissl material on embryonic day 17 (E17) (Moore, 1991).

Between E17 and postnatal day 10 (P10), the nucleus

gradually increases in size and approximates an adult

appearance. A ventrolateral and dorsomedial subdivision are

evident by P4-P6 (Moore and Bernstein, 1989). Major

synaptogenesis in the SCN occurs during the early postnatal

period. On E19, there are only few and immature synapses

(Koritsanszky, 1981). During the first two postnatal weeks,

the number of synapses rapidly increases and synapse

morphology matures to resemble that in adults (Lenn et al.,

1977; Moore and Bernstein, 1989).

Entrainment pathways also develop postnatally. The

retinohypothalamic projection is first present in the SCN by

P1 (Moore, 1991), and an adult pattern is achieved by P15

(Stanfield and Cowan, 1976). Geniculohypothalamic

projections to the SCN probably develop with a similar time

course (Moore, 1991). VIP and vasopressin immunoactive

commissural connections and their efferents projecting

outside SCN are also established during this period (Moore,

1991).

While the rat SCN is still immature, it begins to show

diurnal rhythmicity. [14C]2-Deoxyglucose uptake in the SCN

is in phase with the dam (Reppert and Schwartz, 1983); the

peak occurs in the day and the trough occurs at night. This
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rhythm emerges on gestation day 19 (Reppert and Schwartz,

1984), prior to the appearance of synapses (Lenn et al.,

1977; Moore and Bernstein, 1989) or spontaneous electrical

activity (Shibata and Moore, 1988) of SCN cells. This

metabolic rhythm persists in vitro in E22 SCN slices

(Shibata and Moore, 1988). Maternal SCN lesions early in

gestation disrupt the rhythmic metabolic activity of fetal

SCN (Reppert and Schwartz, 1986; Shibata and Moore, 1988),

perhaps resulting from the loss of maternal entraining

influences.

It has been proposed that the mechanisms underlying

fetal oscillation or entrainment do not require a well

developed neuronal network (Moore and Bernstein, 1989), but

may depend upon nonsynaptic neuronal mechanisms (Robinson

and Fuchs, 1993), perhaps neuroendocrine in nature (Reppert

et al., 1989). The feasibility of this proposal is

supported by the observations that maternal hormones exhibit

rhythmic release in utero (McMillen et al., 1987; McMillen

and Nowak, 1989) and that the immature fetal blood-brain

barrier may permit transportation of neurotransmitters or

neurohormones such as serotonin (Klein, 1972), melatonin

(Reppert et al., 1979) or VIP (Hill et al., 1991) supplied

by the dam. Thus, fetal SCN cells might respond to rhythmic

blood-borne signals of maternal origin, perhaps via

neurotransmitter receptors that appear precociously.
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Prior to maturation of photic input pathways, early

postnatal entrainment probably depends mostly upon

behavioral cues relayed from a dam to the pups (Reppert,

1985; Reppert et al., 1989), via nonsynaptic or immature

synaptic mechanisms. By the end of the first postnatal

week, light input pathway develops sufficiently that light

cues override maternal entrainment (Duncan et al., 1986).

Over the next two weeks, the pups develop a progressively

stronger metabolic responses to light (Fuchs and Moore,

1980). Behavioral and endocrine rhythms emerge at various

times during the first three postnatal weeks (Davis, 1981).

Given the diversity of neurotransmitter content in the

SCN (Card and Moore, 1984; van den Pol and Tsujimoto, 1985),

it may be that the sequential development of circadian

rhythms are associated with differential development of SCN

transmitter systems. Each individual transmitter system in

the SCN may participate in regulating a particular set of

SCN functions. The developmental time courses of

neurotransmitter receptors in the SCN may correlate with the

maturation of different functional properties of the SCN.

Specific aims

Because rat and hamster SCN have been used extensively

to investigate circadian properties, both species were used

for the present study. Autoradiography of in vitro receptor

binding was done with four ligands: [" I]vasoactive
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intestinal peptide for VIP receptors, [1 251]angiotensin II

for angiotensin II receptors, and [3H]muscimol and

[3H]flunitrazepam for GABA,/benzodiazepine receptors. The

specific aims of this study were (1) to test whether there

are diurnal variations in binding levels in the SCN in four

ligands: [1 2 1I]VIP, [ 1 2 5I]angiotensin II, [ 3H] flunitrazepam

and [3H]muscimol; (2) to test whether light in early or late

night affects levels of VIP and GABAA/BZ receptor binding;

(3) to determine the contribution of receptor affinity and

number of binding sites for [3H]flunitrazepam in the rat

SCN; (4) to compare the distribution of ligand binding in

the rat and hamster SCN for all four ligands; (5) to

describe the ontogeny of each ligand in the rat SCN.



II. VIP RECEPTORS

Abstract

The suprachiasmatic nucleus (SCN) of rat and hamster

has been studied extensively and shown to play critical

roles in circadian rhythmicity. [12 5I]Vasoactive intestinal

peptide (VIP) binding levels are high in the rat SCN,

suggesting that VIP receptors may be an important component

of SCN function. In contrast to previously demonstrated

diurnal variations in VIP immunoreactivity and VIP mRNA, the

present study found [125 I]VIP binding to be stable across the

light-dark cycle in both rat and hamster SCN. High [1 25I]VIP

labeling appeared to be coextensive with the rat SCN but

extended somewhat beyond the cytoarchitectonic boundaries of

the hamster SCN. Binding density in hamster SCN was

slightly higher than in rat. In the developing rat SCN,

[1 25I]VIP binding levels distinguished the SCN on embryonic

day 18, and appeared to increase to postnatal day 10 before

declining to adult levels. The early presence of [1 25I]VIP

binding suggests possible involvement of VIP receptors in

fetal entrainment of circadian rhythms.

15



16

Introduction

The rat and hamster have been extensively used to

investigate how circadian rhythms are controlled by the

suprachiasmatic nucleus (SCN). The rat SCN is characterized

by high levels of [1 'I]vasoactive intestinal peptide (VIP)

binding, suggesting that receptors for VIP may be an

important component in the functional organization of the

SCN. In the present study, in vitro receptor

autoradiography with ['2 5I]VIP was used to test for diurnal

changes in VIP receptor binding, to compare rat and hamster,

and to examine the ontogeny of receptor binding in relation

to functional organization of the developing SCN. This

study has recently been published (Robinson and Fuchs,

1993).

Many of the VIP neurons in the SCN are commissural

neurons or intrinsic neurons which project ipsilaterally to

the ventrolateral and dorsomedial divisions of the SCN (Card

et al., 1981; Card and Moore, 1984; van den Pol and

Tsujimoto, 1985; van den Pol and Gorcs, 1986). Diurnal

variation has been observed in both VIP-like

immunoreactivity (Morin et al., 1991; Zoeller et al., 1992)

and VIP mRNA within the SCN (Albers et al., 1990; Okamoto et

al., 1991; Zoeller et al., 1992). It is not known whether

VIP receptors also show diurnal variation. However, changes

in neurotransmitter levels can lead to up- or down-

regulation of postsynaptic receptors, sometimes within a few



17

hours (Kebabian et al., 1975; Campochiaro et al., 1977). We

tested for the presence of diurnal receptor changes in the

SCN, but found stability in VIP binding.

Several lines of evidence suggest that VIP interneurons

in the SCN could participate in entrainment. Most of the

photic input to the SCN terminates in the ventrolateral

portion (Johnson et al., 1988), which also contains the

highest density of neurons that are VIP-immunoreactive and

contain VIP mRNA (Card et al., 1981; Card and Moore, 1984;

van den Pol and Gorcs, 1986). Retinal axons synapse upon

VIP-immunoreactive neurons in the rat SCN (Ibata et al.,

1989), and enucleation affects VIP-immunoreactivity (Okamoto

et al., 1990; Laemle, 1992) and VIP mRNA (Holtzman et al.,

1989). Moreover, microinjection of VIP together with two

co-localized peptides, produces phase delays in early

subjective night (Albers et al., 1991). It may be that

diurnal VIP rhythms are passively driven by light (Albers et

al., 1990): VIP immunoreactivity is lower in constant

darkness than in constant light (Albers et al., 1987) and

shows diurnal variation in LD but not in DD (Takahashi et

al., 1989), and VIP mRNA shows no diurnal variation in DD or

following enucleation (Takeuchi et al., 1992). In view of

the photic-induced changes in VIP and the apparent

involvement of VIP neurons in entrainment, we also tested

whether light would affect VIP receptor binding, but found

no effect of lights-on in early or late night.
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It is likely that receptors play a key role in the

developing SCN, particularly in fetal entrainment to

maternal rhythms. While it is known that the fetal and

neonatal SCN have only very sparse, immature synapses (Moore

and Bernstein, 1989; Moore, 1991), the development of

neurotransmitter receptors in the SCN is largely unexplored.

In the present study, high levels of VIP binding delineated

the SCN in fetal rats.

Materials and methods

Subjects and light-dark cycles

Subjects for the circadian studies were adult male

Long-Evans hooded rats (Rattus norvegicus; Simonsen, Gilroy

CA) about 2.5-5 months old and adult golden hamsters

(Mesocricetus auratus; Harlan,. Indianapolis IN) 11-13 wks

old. Animals were housed two per cage, with food and water

available continuously. The animals were maintained in a

12:12 light-dark cycle (LD). During L, overhead fluorescent

room lights were on (intensity at-the animals' cages was

typically 10-20 lux), and during D, one 4-watt red light was

on in the room. To minimize potential effects of diurnal

changes in noise levels or animal care activities, half of

the subjects were kept in a room with lights on 07:00-19:00

while others were in an adjacent room with the opposite LD

cycle; however, the light period for both rooms is

designated 07:00-19:00. Animals were given at least 3-4
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weeks to adjust to the LD cycle. Subjects from D were

killed in dim red light.

In Experiment I, 15 adult rats sacrificed in mid-L

(13:00-14:00 h) were compared with 12 in mid-D (01:00-02:00

h). In addition, adult hamsters, 6-7 per group, were

compared across three timepoints: in L (13:00), in D (04:00)

and at the LD transition, immediately before D onset

(19:00).

To examine diurnal binding in more detail, Experiment

II compared 8 times in LD: 09:00, 12:00, 15:00, 18:00,

21:00, 24:00, 03:00 and 06:00, with an average of 5-6 rats

per group. Two additional groups of 6 rats each were used

to test whether ligand binding would be affected by lights-

on at times when light can produce large phase-shifts in

rhythms. These two groups were housed in LD and killed

immediately after a 1-h exposure to lights-on in early

(20:00-21:00) or late (05:00-06:00) night.

Rats for developmental studies were housed in LD and

sacrificed 5-7 h after L onset. Two to five rats per age

group were used: E18, E19, E20, P0, and P10, where PO is the

day of birth. Most groups included rats from at least two

different litters. The developing rats were compared with

the 66 adult rats in LD from both circadian studies.

Histology

Postnatal animals were sacrificed by decapitation, and

prenatal rats were obtained by Caesarian section from timed
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pregnant females (Simonsen, -Gilroy CA). Unperfused brains

were rapidly dissected out and frozen in -30 C isopentane.

For the circadian studies, 10-pm cryostat sections were cut

from hypothalamic blocks, with every sixth SCN section saved

for VIP.binding. For the developmental studies

approximately every other 20-jm section was used for

binding. In some cases, full coronal sections were cut.

Sections were thaw-mounted on gelatinized slides, air-dried

for 0.5-2 hr, and stored desiccated at -80 C until use.

Ligand binding

- The VIP binding method was based on methods previously

described (De Souza et al., 1985; Martin et al., 1987).

Chemicals were obtained from Sigma unless otherwise noted.

Sections were incubated for 2 h in a solution of 0.1 nM

[ 125 .]-vasoactive intestinal polypeptide (2200 Ci/mmol, NEN),

50 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 2 mM EGTA, 0.1% BSA,

100 KIU/ml aprotonin and 0.1 mM bacitracin. Sections were

rinsed at 4 C twice for 5 min each in the above solution

without [12 5 I]VIP and 2 sec in dH 20. Nonspecific binding was

determined in the presence of 1 pM VIP (Peninsula).

Sections were dried with a fan while excess buffer was

aspirated from around the sections. To minimize potential

confounding effects of gradual ligand depletion, slides were

incubated in pseudo-random order within each comparison

group (e.g., rat developmental; hamster circadian).

Autoradiography and data analysis
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Sections were exposed to tritium-sensitive Hyperfilm

(Amersham) along with iodine-125 standards (Microscale,

Amersham). Exposure time was approximately 3 days. The

film was developed in Kodak D19 and further processed

according to the manufacturer's instructions. Following

preparation of the film autoradiographs, the sections were

Nissl-stained with thionin.

Autoradiographs were quantified using a video-based

image analysis system (MCID, Imaging Research, St.

Catherines, Ontario, Canada). To obtain data from the SCN,

the autoradiographic image was stored in register with the

same section Nissl-stained, and the region to be quantified

was outlined on the Nissl image. Average transmittance

values of the pixels within the outlined regions were

automatically converted to nCi/mg tissue wet weight, using a

best-fit equation based on the radioactivity standards.

Averages were based on 4-8 SCN sections per animal.

Readings were taken from the intermediate three-fourths of

the rostrocaudal extent of the SCN, where binding levels

were fairly consistent and where the larger cross-sectional

areas allowed more accurate sampling.

Significant between-slide variability and some between-

section variability within a slide were observed in total

and nonspecific binding, perhaps related to differences in

how individual slides were handled during the washing and in

how long the sections took to dry. However, the regional
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patterns of total [1 2 I]VIP binding within sections appeared

fairly consistent. Therefore, we chose to minimize

variability by using a ratio of SCN to "adjacent

hypothalamus," and nonspecific binding was not determined in

all subjects. For each subject, the mean binding level in

SCN was divided by the mean level within a region of

uniformly low binding, lateral to the SCN (see Fig. 1).

This region apparently does not receive projections from VIP

SCN neurons35 and does not seem likely to undergo circadian

changes in parallel with the SCN. Differences between

groups were assessed by ANOVAs. Because some ligand

depletion was anticipated during incubation of the large

number of slides in Experiment II, incubation times were

recorded and used as a factor in the ANOVAs.

Results

The regional distribution of [12 1]VIP binding appeared

similar to that reported in previous surveys (Hill et al.,

1992; Martin et al., 1987; Shaffer and Moody, 1986). The

SCN was among the brain regions with the highest binding

levels (Martin et al., 1987; Shaffer and Moody, 1986). In

the rat SCN, dense- [1251] VIP labeling appeared approximately

coextensive with the cytoarchitectonically defined SCN (Fig.

2). However, the region of high binding extended slightly

across the medial edges of the SCN in Nissl sections, and at

the caudal pole, high binding extended dorsally above the
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SCN and along the third ventricle. Although binding levels

were fairly uniform, heterogeneity was observed in some

sections. At mid-rostrocaudal levels, there was frequently

a higher concentration of binding just medial to the center

of each SCN, and lowest densities were seen in the caudal

pole. In the hamster (Fig. 3), high binding was less

confined to the cytoarchitectonic SCN boundaries. In many

hamster sections throughout the rostocaudal extent of the

SCN, the region of dense binding extended laterally (as much

as 50-100 pm) and sometimes dorsally (as much as 50 m)

beyond the SCN. As in the rat SCN, hamster [1251]VIP binding

tended to be slightly higher in the medial than lateral SCN.

Binding levels in the SCN were slightly higher in the

hamster than in the rat, as was the ratio of SCN to adjacent

hypothalamus (Fig. 4, Table 1; p<.001).

In Experiment I, no diurnal differences were found in

[1251]VIP binding in either species. Mean ratios of binding

in the SCN to that of adjacent hypothalamus were similar for

rats in mid-L and mid-D, and hamsters also showed no

difference across the 3 timepoints (Table 1). In Experiment

II, [1 25I]VIP ratios did not vary across the 8 timepoints for

rats in LD (F7,43 = 1.19, p<0.33) (see Fig. 5) . Lights-on at

night had no effect, based on comparing the rats in light at

night with those in D at the same timepoints (F1 18 = 0.13;

p<0.72). Nonspecific binding in rat SCN averaged 10% of

total binding levels. In autoradiographs showing
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nonspecific binding, the density in the SCN appeared equal

to that in adjacent hypothalamic regions.

Data for SCN readings alone (not ratios) also showed no

statistically significant effects of time in LD or of

lights-on at night -(hamster, 3 timepoints: F2,16 = 3.55;

p<0.053; rat, 8 timepoints compared: F7,43 = 1.70; p<0.17 ;

lights-on vs. lights-off at night: F1,1 8 = 1.69; p<0. 2 1).

[1 2 1]VIP binding in the developing rat SCN is

illustrated in Fig. 6. ['25I]VIP binding was higher in the

SCN than adjacent hypothalamus as early as E18, when the SCN

is first distinguishable cytoarchitectonically, but before

the boundaries of the SCN are distinct. The contrast

increased over the next few days, reaching a peak around P10

before declining to mature values (Fig. 6, Table 1). The

age effect was significant (F5,1 = 5.85; p<0.001).

Discussion-

The present is the first report to assess SCN [125I]VIP

binding 1) in hamster; 2) across timepoints; 3) under light

versus dark conditions; or 4) during ontogeny.

Distribution in adult rat and hamster

In comparing the distributions of [1251]VIP binding and

VIP-immunoreactivity, it is expected that VIP-containing

axon terminals should be associated with [1251]VIP binding

sites, but incongruities are also anticipated. For example,

the subcellular distribution of VIP binding sites, which are
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not confined to synapses, may vary among neurons and may

differ from the subcellular distribution of VIP. Also, at

least in some tissues, glial cells have [1 2 1]VIP binding

sites (Hosli and Hosli, 1989). The relatively homogeneous

distribution of high [12s1]VIP binding throughout most of the

rat and hamster SCN contrasts with the concentration of VIP-

immunoreactive somata in the ventral or ventrolateral SCN

(Card et al., 1981; Card and Moore, 1984; van den Pol and

Tsujimoto, 1985), but corresponds with the more widespread

distribution of VIP terminals. VIP-positive axons extend

across the entire SCN (Card et al., 1981; Card and Moore,

1984), and VIP-positive boutons synapse with dendrites

throughout the SCN (van den Pol and Gorcs, 1986). The VIP

terminals in the SCN are thought to arise primarily from

neurons within the SCN (Card et al., 1981; Card and Moore,

1984; van den Pol and Tsujimoto, 1985). The observation

that high [11 51]VIP binding was less restricted to SCN

boundaries in hamster than in rat has no obvious correlate;

hamster VI.P axons were reported to be confined to the SCN

borders in hamster (Card and Moore, 1984). At caudal

levels, the extension of high [12 5I]VIP binding dorsally

across SCN borders is compatible with the observation that

numerous VIP-immunoreactive axons project dorsally from the

SCN toward periventricular and paraventricular regions (Card

et al., 1981).

Diurnal stability
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The present study suggests diurnal stability of VIP

receptors in the SCN, in contrast to the diurnal variability

in VIP-like immunoreactivity (Takahashi et al., 1989; Morin

et al., 1991) and VIP mRNA previously demonstrated in the

SCN (Albers et al., 1990; Okamoto et al., 1991; Zoeller et

al., 1992). Our conclusion of diurnal stability rests on

ratios, and it is possible that both the SCN and the

adjacent hypothalamus have parallel diurnal rhythms,

although the adjacent region we measured does not receive

projections from VIP neurons in SCN (Watts et al., 1987) and

showed low [1 2 1]VIP binding levels. The constancy of

[1 2 1]VIP binding in the SCN is compatible with the absence

of circadian variation in VIP-stimulated cAMP increases in

slices of the SCN region (Rea, 1990). The lack of diurnal

and photic variation in [125I]VIP binding fails to support

the hypotheses that VIP receptor regulation participates in

generating rhythmicity within the SCN, or that VIP receptor

regulation in the SCN is involved in the phase-dependency of

photic entrainment. However, the results by no means

preclude the idea that VIP receptors are key elements in

entrainment or rhythmicity; on the contrary, the importance

of VIP receptors is implicated by the importance of VIP-

containing SCN neurons.

The effect of VIP in the SCN may show diurnal

rhythmicity based on changes in VIP release, against a

background of receptor stability. However, there could be
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diurnal changes in second messenger systems associated with

VIP receptors. Under ligand binding conditions similar to

those here, 48% of [1 25I]VIP in the rat SCN was displaced by

a GTP analog, indicating the presence of two different VIP

receptor subtypes or two functional states of a single

subtype (Hill et al., 1992). Circadian changes in the

availability of GTP could influence VIP binding affinity,

and changes in other components of cAMP or phosphatidyl

inositol second messenger systems could result in circadian

changes in neuronal responsiveness to VIP.

Ontogeny

[125I]VIP binding levels delineated the SCN as early as

E18, when the SCN is first distinguishable in Nissl stained

sections. It is not known to what extent the developmental

trends observed reflect changes in binding site number

versus affinity, but at least in other brain regions,

Scatchard analyses of [12 51]VIP binding have revealed no

postnatal change in receptor affinity (Roth and Beinfeld,

1985; Staun-Olsen et al., 1985). The early rise in VIP

binding contrasts with the later development of another

peptide receptor we have studied: [1 2 51]angiotensin II

binding does not appear in levels high enough to delineate

the SCN until early postnatal life (Li and Fuchs, 1991).

The differential ontogeny indicates that VIP receptors may

have functions which are not shared by other neuropeptides

in the fetal SCN.
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Because fetal and neonatal SCN have very few synapses

(Moore and Bernstein, 1989; Moore, 1991), a substantial

portion of the ligand binding in the perinatal SCN may well

be associated with nonsynaptic neuronal elements. In fact,

whereas VIP-immunoreactive terminals are initially

restricted to a narrow ventral border of the SCN (described

for the rat SCN at E20 (Laemle, 1988), [12 5 ]VIP binding was

not restricted to the ventral border, suggesting that VIP

receptors are not exclusively localized at VIP synapses at

this age. Both extrasynaptic and synaptic binding sites

might allow the SCN to respond to circulating ligands of

maternal or fetal origin. Indeed, the appearance of

[125I]VIP binding in the fetal SCN, combined with the

evidence that VIP neurons in the adult SCN are involved in

entrainment, suggests that VIP receptors could be involved

in the entrainment of fetal rhythmicity. Among the earliest

rhythms which are maternally entrained is the SCN [14C]2-

deoxyglucose rhythm, which begins on E19 (Reppert and

Schwartz, 1984), when [125I]VIP binding was abundant in the

SCN.

Do neuropeptide receptors enable fetal SCN neurons to

respond to circulating peptides of maternal origin? It is

not known whether there are maternal rhythms in circulating

VIP which affect the fetal brain, but the feasibility of

this suggestion is supported by the observations that 1)

plasma concentrations of at least some peptides vary
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diurnally (McMillen et al., 1987); 2) there is evidence for

placental transfer of VIP: following i.v. injection of

radiolabeled VIP into pregnant rats, labeled VIP was found

in the fetal brains (Hill et al., 1991); and 3) the

mechanisms restricting transport of neuropeptides from blood

to brain are likely to be underdeveloped in the fetus, which

has an immature blood-brain barrier. However, regardless of

whether VIP receptors have access to VIP of maternal or

fetal origin, [ 2 5I]VIP binding sites in the SCN from E19 to

birth may be considered candidates for participating in

fetal entrainment.

VIP receptors may be also involved in the postnatal

development of SCN function. Given the evidence that VIP

neurons participate in photic entrainment, the corresponding

receptors should also be involved, particularly in mediating

communication from VIP neurons. Retinal innervation of SCN

and light responsiveness in SCN [14C]2-deoxyglucose uptake

both appear on the day of birth and increase over the first

two postnatal weeks (Fuchs and Moore, 1980; Moore, 1991);

during this time, VIP binding appeared dense in the SCN.

Although the SCN undergoes marked postnatal changes in

cellular morphology and electrical activity (Moore, 1991),

very little is known about the development of

neurotransmitter systems in the SCN. The postnatal ontogeny

of particular SCN neurotransmitter receptors, such as VIP

receptors, may affect the maturation of entrainment, the
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development of rhythm generation within the SCN, and the

sequential emergence of particular physiological/behavioral

circadian rhythms.
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Fig. 1. Rat and hamster [ 12 5I]VIP autoradiographs with the
same sections Nissl-stained. Each section shows an outline
of the SCN and the lateral "adjacent hypothalamus" region
which was measured for calculating the SCN ratio. Arrows
point to the lateral border of the SCN, and OC = optic
chiasm. Scale bar = 500 pm.
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the adult rat SCN. A
at top) of autoradiographs is

Nissl-stained. High binding
levels were approximately coextensive with the rat SCN in
Nissl sections, but extend slightly beyond the medial
boundaries and at the caudal pole, extend dorsally beyond
the SCN. Arrows point to the lateral border of the SCN.
OC = optic chiasm. Scale bar = 500 m.
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Fig. 3. [1125 ]VIP binding in adult hamster SCN,
rostrocaudal series (rostral at top). The film

shown in a

autoradiographs are shown with the same sections Nissl-
stained. High binding levels extended beyond the lateral and
dorsal boundaries of the SCN. Arrows point to a lateral
border of the SCN. OC = optic chiasm. Scale bar = 500 pm.
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Fig. 4. Comparison [12 5 ]VIP binding in rat and hamster.Means values + S.E.M. of total [12 5I]VIP binding are shownfor the SCN, adjacent hypothalamus, and the ratio of SCN toadjacent hypothalamus. Hamster values were higher in eachcategory. The SCN ratio was significantly higher forhamster than for rat (p<.001, ANOVA).
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TABLE 1. ["51] VIP Binding Ratios (SCN divided by adjacent hypothalamus): Diurnal, Species,

and Developmental Comparisons.

Species, condition Mean + SEM n ANOVA

Exeriment

Rat, mid-L (13:00-14:00)

Rat, mid-D (01:00-02:00)

Hamster, 13:00

Hamster, 19:00

Hamster, 04:00

Rat (from above)

Hamster (from above)

Developm. ra

E18

E19

E20

PO

PlO

Adult

1.43 +0.09
1.51 +0.04

1.71

1.67

1.74

+

1.47

1.71 +

0.07

0.06

0.07

0.01

0.04

1.41 0.01

1.57 0.01

1.46 0.06

1.77 +0.20

2.01 + 0.09

1.42 +0.00

12

15

7

6

6

27

19

2

2

2

4

5

66

F(1, 25) = 0.74 ; p<0.40

F(2, 16) = 0.27; p<0.77

F(1, 44) = 14 .2 6 ; p<0.001

F(5, 81) = 5.85; p<0.001
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Fig. 6. Ontogeny of [12 5I]VIP binding in the rat SCN region.
Autoradiographs are shown with the same sections Nissl
stained. Binding densities were higher in the SCN than in

the adjacent hypothalamus as early as embryonic day 18

(E18), before the SCN boundaries are distinct in Nissl
sections.
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III. ANGIOTENSIN II RECEPTORS

Abs tract

The suprachiasmatic nucleus (SCN) of rat and hamster

have been shown to play a major role in controlling

circadian rhythmicity. Potential importance of the

neuropeptide angiotensin II in circadian function is

suggested by the abundance of angiotensin II receptors in

the SCN. The present autoradiographic study revealed

heterogeneity of [125I]angiotensin II binding within the rat

SCN. In contrast, golden hamsters had uniformly low levels

of [125I]angiotensin II binding throughout the SCN region.

Neither the rat nor the hamster SCN showed diurnal variation

in [ 1 25 ]angiotensin II binding. In developing rats (fetal

day 18 to adult), [1 251]angiotensin II did not delineate the

SCN until the day after birth, suggesting that angiotensin

II receptors are probably not involved in prenatal

entrainment, but could participate in the maturation of

circadian rhythmicity.

38
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Introduction

The suprachiasmatic nucleus (SCN) of the mammalian

hypothalamus plays a central role in generating circadian

rhythms and synchronizing them to the daily light-dark cycle

(Moore, 1981; Turek, 1985). Most information on

neurotransmitter systems in the SCN have been based on

studies in rat and hamster. A variety of peptides in the

SCN have been described in the hamster (Card and Moore,

1984) and rat (van den Pol and Tsujimoto, 1985) SCN.

However, little is currently known about the nature and

distribution of peptide receptors in the SCN.

The rat SCN contains a high density of angiotensin II

receptors (Mendelsohn et al., 1984; Gehlert et al., 1986) as

well as some angiotensin II immunoreactive neurons (Lind et

al., 1985; Watts and Swanson, 1987). There is evidence that

brain angiotensin II can function not only as a neurohormone

for homeostatic regulation but also as a neurotransmitter or

neuromodulator (Phillips, 1978; Rettig et al., 1982;

Saavedra, 1992). However, the specific roles of angiotensin

II and its receptors in the SCN are not yet known.

The present study characterized the distribution of

angiotensin II binding in the rat and hamster SCN with

[ 1 2 I1]-sar 1-ile8-angiotensin II, a ligand which recognizes

type 1 and type 2 angiotensin II receptors (Gehlert et al.,

1991). The possibility that SCN angiotensin II receptors

would vary diurnally was tested in view of these
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observations taken together: (a) the SCN shows diurnal

variation in neuropeptides (VIP immunoreactivity, Takahashi

et al., 1989; Morin et al., 1991; VIP mRNA, Albers et al.,

1990; vasopressin release, Earnest and Sladek, 1986;

Gillette and Reppert, 1987); (b) variation in

neurotransmitter levels can lead to fairly rapid up- and

down-regulation of postsynaptic receptors (Kebabian et al.,

1975; Campochiaro et al., 1977; Sibley and Lefkowitz, 1985).

The present study also examined the ontogeny of

["'I]angiotensin II binding in the SCN in relation to the

development of circadian function. Diurnal differences in

SCN metabolic activity can be detected in fetal (Reppert and

Schwartz, 1984) and neonatal (Fuchs and Moore, 1980) rat

SCN, when the SCN contains few and immature synapses (Lenn

et al., 1977; Koritsanszky, 1981; Moore and Bernstein,

1989). During the first postnatal week, there is a change

from reliance of maternal to photic entrainment cues. Over

the first three postnatal weeks, various circadian rhythms

emerge (Davis, 1981) and retinal innervation to the SCN

matures (Moore, 1991).

The developmental time course of SCN neurotransmitter

receptors is essential for elucidating their roles in the

ontogeny of circadian rhythmicity. The development of

angiotensin II receptors has been studied in several brain

regions using autoradiographic methods (Tsutsumi et al.,

1991; Tsutsumi and Saavedra, 1991; Grove, et al., 1992).
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However, angiotensin II receptors have not been

characterized in the developing SCN. Some of the results of

this study have been presented in an abstract (Li and Fuchs,

1991).

Materials and methods

Subjects and light-dark cycles

Subjects for the circadian studies were adult male

Long-Evans hooded adult rats (about 2.5-5 months old; Rattus

norvegicus; Simonsen, Gilroy, CA) and golden hamsters (11-13

weeks old; Mesocricetus auratus; Harlan, Indianapolis IN).

Animals were housed two per cage, with food and water

available continuously. Animals were given 2-3 weeks to

become accustomed to the light-dark cycle (LD 12:12, L

07:00-19:00 h). Fluorescent overhead room lights were on

during L (intensities at the animals' cages were typically

10-20 lux), and one 4-watt red light was on in the room

during D. To minimize potential effects of diurnal changes

in noise levels or animal care activities, half of the

subjects were kept in a room with lights on 07:00 - 19:00

while others were in an adjacent room with the opposite LD

cycle. Subjects from D were killed in dim red light.

To test for diurnal differences in binding levels,

five groups of subjects in LD were used: adult rats in mid-L

(13:00-14:00, n=17) and mid-D (01:00-02:00, n=15); golden

hamsters (Mesocricetus auratus) were sacrificed at three
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time points: in L (CT 6, i.e. 13:00, n=4), D (CT 21, i.e.

04:00, n=5) and just before the LD transition (CT 12, i.e.

19:00, n=5).

Prenatal rats were obtained from timed pregnant females

which arrived on El1-E13 (Simonsen, Gilroy CA).

Developmental animals were maintained in LD and were

sacrificed 5-7 h after L onset. Two to four rats were used

per age group: E18, E20, P0, P1, and P10, where PO is the

day of birth. Most groups included rats from at least two

different litters. The developing rats were compared to the

32 adult rats in LD from the circadian study.

Histology

Animals were killed by decapitation, and unperfused

brains were rapidly dissected out and frozen in -30 C

isopentane. For the circadian studies, 14-m cryostat

sections were cut from hypothalamic blocks, with every fifth

section saved for binding. Every third section from one

animal of each species was saved for more detailed analysis.

For the developmental studies, approximately every other 20-

m section was collected for ligand binding. Sections were

thaw-mounted onto gelatinized slides, air-dried for 0.5-2hr,

and stored desiccated at -80 C.

Ligand binding

The angiotensin II binding method was based on the

method of McKinley et al. (1986) with some modifications.

Sections were preincubated for 15 min at room temperature in
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a solution containing 150 mM NaCl, 5 mM Na4EDTA, 0.35 mM

bacitracin, 0.2% bovine serum albumin (BSA) and 10 mM sodium

phosphate buffer (pH 7.4). The sections were then incubated

in an identical incubation solution containing 0.1 nM [125I]_

sari--ile 8-angiotensin II (2200 Ci/mmol, New England Nuclear)

for 60 min at room temperature. Sections were rinsed in the

above solution without the radioligand four times for 1 min

each at 40C and were then dipped briefly in 40C dH2O.

Nonspecific binding was determined in the presence of 1 JM

unlabeled angiotensin II (Sigma). Sections were dried.with

a fan while excess buffer was aspirated from around the

sections.

Autoradiography and data analysis

Sections were apposed to tritium-sensitive Hyperfilm

(Amersham) along with iodine-125 standards (Microscale,

Amersham). After 11-18 days exposure, the film was

developed in Kodak D19 and further processed according to

the manufacturer's instructions. Following preparation of

the film autoradiographs, the sections were stained with

thionin.

Autoradiographs were quantified using a video-based

image analysis system (MCID, Imaging Research, St.

Catherines, Ontario, Canada). The rat SCN was identified

directly on black-and-white video images of the

autoradiographs. For hamster SCN, the region to be

quantified was outlined on the Nissl image and was taken
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from autoradiographic images stored in register with that

image. Average transmittance values of the pixels within the

outlined regions were automatically converted to nCi/mg

tissue wet weight, using a best-fit equation based on the

radioactivity standards. Readings were taken from the

intermediate three-fourths of the rostrocaudal extent of the

SCN, where binding levels were fairly consistent and where

larger cross-sectional areas permitted more accurate

sampling. Averages were derived from 4-8 sections per

animal. There was some between-slide variability and

between-section variability within a slide in total and

nonspecific binding, perhaps related to variation in the

rinsing and drying techniques. However, the regional

patterns of [125I]angiotensin II binding within sections were

generally consistent. Therefore, SCN ratios were obtained

by dividing mean binding level in the SCN by that in a

nearby region of uniformly low label, dorsolateral to the

SCN (see Fig. 1, Chapter II). The use of SCN ratios also

permitted comparison of data from sections of different

thickness (young versus adult subjects). Nonspecific

binding was not determined in all subjects..Differences

between groups were assessed by Student's t-tests.

Results

In this study we found 1) some heterogeneity in the

distribution of ['2 51]angiotensin II binding within the rat
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SCN; 2) a marked species difference in binding between rat

and hamster SCN; 3) no diurnal changes in SCN

[1 2 5I]angiotensin II levels in rat (mid-L vs mid-D) or

hamster (across three time points); 4) a postnatal rise of

[1 2 ]angiotensin II binding in developing rat SCN.

Dense [1 2l1]angiotensin II labeling was observed

throughout the rostrocaudal extent of the rat SCN (Fig. 7).

The region of high density appeared to be coextensive with

the cytoarchitectonically defined SCN except for a narrow

medial edge of the SCN with very low binding density. In

mid-rostrocaudal SCN sections, this medial zone of low

density was about 45 pm wide. A roughly crescent-shaped

region of particularly intense labeling within the SCN was

observed ventrally at rostral levels and ventromedially at

mid- to mid-caudal levels, but was not present in the caudal

pole. In contrast to the rat SCN, the hamster SCN was not

delineated by [1 25I]angiotensin II at any anatomical level

(Fig. 8). Binding levels were significantly lower for

hamster than rat in the SCN, adjacent hypothalamus as well

as SCN ratios (Fig. 9).

No diurnal differences were found in [ 1 2 5I]angiotensin

II binding for either species. Mean SCN ratios did not

differ for rats between mid-L and mid-D (Fig. 10), or for

hamsters across three time points (Fig. 11). Data for SCN

readings alone (not ratios) also showed no significant

effects of time in LD (rat: F1,30 = 0.97; p<0.33; hamster:
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F21 = 2.90; p<0.10).

[12 5I]Angiotensin II binding was low prenatally and did

not delineate rat SCN until P1, the day after birth (Fig.

12). Binding density then increased substantially and

peaked at P10 before declining to adult levels. From E18 to

P10, [ 1 2 5I]angiotensin II ratios increased 80% (Fig. 13).

SCN ratios varied significantly with age (F4 38 = 22.62;

p<0.001).

In preliminary experiments, nonspecific binding was

uniformly low across the SCN region. Nonspecific binding

averaged about 22% but varied considerably between slides

and :between sections within a slide, and therefore was not

routinely assessed in all groups. Binding values presented

here represent total binding.

Discussion

[i 25I]Aniotensin II distribution in the rat and hamster SCN

The observation that relatively high levels of

[1 25I]angiotensin II binding distinguished the rat SCN is in

agreement with previous studies (Mendelsohn et al., 1984;

Gehlert et al., 1986). The present study also found some

heterogeneity of [12 51]angiotensin II binding within the rat

SCN. The highest [1 25I]angiotensin II levels were

concentrated ventrally and ventromedially, while very low

levels were found in the narrow medial edge of the SCN. In

contrast to the distribution of ligand binding, angiotensin
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II immunoreactive somata are located primarily in the dorsal

and medial SCN (Lind et al., 1985; Watts nd Swanson, 1987).

It is likely that axons of these neurons arborize to the

ventromedial region of the SCN.

In contrast to rats, golden hamsters showed low,

uniform labeling across the SCN region. This observation is

in agreement with the recent report (Saylor et al., 1992)

that the hamster shows little or no angiotensin II binding

in several brain regions which are densely labeled in rat,

including the SCN. This species difference extends a

growing list of distinctions between rat and hamster SCN,

including differences in other neurotransmitter receptors

(VIP, Robinson and Fuchs, 1993; NMDA, Hartgraves and Fuchs,

in preparation), metabolic activity levels (Schwartz, 1990)

and distribution of retinohypothalamic input (Johnson et

al., 1988). While hamster and rat SCN have been used as the

primary models to investigate mammalian circadian

pacemakers, most studies are based on either rat or hamster,

but not both. The present study suggests that future

exploration of the role of neurotransmitter systems'in SCN

function can benefit by comparisons between rat and hamster.

Angiotensin II receptors in the SCN: diurnal comparisons

The observation that [1 2 1]angiotensin II binding levels

did not differ between mid-L and mid-D in the rat or across

three time points in hamster suggests that variation of

angiotensin II receptors is not likely to contribute to the
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day-night difference in SCN neuronal activity. It is

possible that a rhythm might be found if other sampling

points had been chosen. Also, our results were based on

ratios, and it is possible that the SCN and adjacent

hypothalamus have parallel diurnal rhythms, although there

is no evidence that SCN angiotensin II neurons project to

the dorsolateral hypothalamic region measured.

Lack of diurnal receptor variation of course does not

exclude a role for angiotensin II receptors in SCN function.

The importance of angiotensin II receptors is suggested by

the high density in the rat SCN. Angiotensin II injected

intraventricularly leads to the release of several

neuropeptides (Keil et al., 1975; Lang et al., 1981),

including vasopressin (Keil et al., 1975), which is known to

exhibit rhythmic release in CSF (Schwartz et al., 1983) or

SCN slices (Gillette and Reppert, 1987). Whether high

density of angiotensin II receptors in the rat SCN is

necessary to facilitate vasopressin release in this paradigm

is unknown but might be initially tested by comparing

experiments in rat and hamster.

Ontogeny

Angiotensin II receptors in the SCN of adult rat are

virtually all type 1 receptors (Gehlert et al., 1991; Rowe

et al., 1992). However, [12 1]angiotensin II recognizes both

type 1 and type 2 receptors (Gehlert et al., 1991), and it

is not certain that SCN receptors were all type-I in the
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developing SCN, particularly given the developmental shifts

in angiotensin II receptor subtypes in some brain regions

(Cook et al., 1991; Tsutsumi and Saavedra, 1991). The rat

SCN was delineated by high levels of ['25I]angiotensin II

postnatally, but not prenatally. The postnatal rise in

angiotensin II binding contrasts with the precocial

development of another peptide we have investigated: high

levels of ['2 5I]VIP binding delineate the SCN prenatally as

early as E18 (Robinson and Fuchs, 1993), when the SCN is

first distinguishable in Nissl stained sections (Lenn et

al., 1977; Moore and Bernstein, 1989). Receptor affinity

was not assessed here, although studies in other brain

regions have revealed no developmental change in affinity of

angiotensin II receptors (Baxter et al., 1980; Salaymeh et

al., 1986; Kalinyak et al., 1991). Two previous reports of

[12 ] --sarl-ilea-angiotensin II binding in developing rat SCN

are somewhat compatible with observations in the present

study. Millan et al. (1991) found that binding was not

present in the P2 SCN, but levels were "high" at the 6ther

ages examined: 2, 4, and 7 weeks (Millan et al., 1991).

Grove et al. (1992) reported significant increases in the

SCN between P14 and later stages. It is not known whether

any of the discrepancies can be attributed to strain

differences.

During late fetal development, before angiotensin II

receptors were evident in the SCN, the SCN is probably



50

entrained by maternal blood-borne cues (Reppert et al.,

1989). Shortly after birth, when the rat SCN was first

delineated by [ 25I]angiotensin II binding, the capacity for

photic entrainment emerges, with light cues apparently

transmitted via sparse retinohypothalamic projection that

later reaches the SCN by that time (Moore, 1991).

['2.I]Angiotensin II binding levels increased in rat SCN

during the first postnatal week, when SCN synapses increase

substantially and retinal innervation becomes mature (Moore,

1991). This developmental time course suggests that

angiotensin II receptors are not likely to be involved in

the mechanism of fetal rhythms or maternal entrainment, but

may be involved in postnatal maturation of circadian

rhythmicity.
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Fig. 7. [12 5I]Angiotensin II binding in adult rat SCN. A
rostrocaudal series (rostral at top) of autoradiographs is
shown with the same sections Nissl-stained. High levels of
["2 I]angiotensin II characterized most of the rat SCN. Only
a narrow medial edge showed low levels of binding. A
crescent-shaped region of intense binding was seen in the
ventromedial SCN at mid-rostrocaudal levels. Arrows point
to the lateral border of the SCN. OC = optic chiasm. Scale
bar = 500 m.
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Fig. 8. [12 5I]Angiotensin II binding in adult hamster SCN,
shown in a rostrocaudal series (rostral at top). The film
autoradiographs are shown with the same sections Nissl-
stained. In marked contrast to the rat SCN, the hamster SCN
was not delineated by high [12 5I]angiotensin II binding at
any rostrocaudal level. Arrows point to the lateral border
of the SCN. OC = optic chiasm. Scale bar = 500 m.
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Fig. 9. Comparison of [12 5I]angiotensin II in rat (n=32) and
hamster (n=14). Mean values + S.E.M. of total
[1 2 5 ] angiotensin II binding are shown for the SCN, adjacent
hypothalamus, and the ratio of SCN to adjacent hypothalamus.
Rat values were significantly higher in each category
(**p<0.001, *p<0.012; Student's t-test).
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Fig. 10. [12sI]Angiotensin II SCN ratios for rats at mid-L or
mid-D in a 12:12 light-dark cycle. Mean ratio + S.E.M.
represents binding levels in SCN over adjacent hypothalamus.
No significant difference was found between mid-L and mid-D
(p<0.51).
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Fig. 11. [12s1]Angiotensin II SCN ratios
three time points in a 12:12 light-dark
S.E.M. represents binding levels in SCN
hypothalamus. No significant variation
three time points (p<0.99).
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Fig. 12. Ontogeny of [12s1]angiotensin II binding in the rat
SCN region. Autoradiographs are shown with the same
sections Nissl stained. [12s1]Angiotensin II binding was
very low in the fetal SCN but delineated the SCN by the day
after birth (P1).
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Fig. 13. Ontogeny of [ 12 51]angiotensin II mean + S.E.M. SCN
ratios showed significant age effect (p<0.001). Values
reached a peak around P10 before declining to mature levels.



IV. STUDY OF GABAA/BZ RECEPTORS

Abstract

GABAA/benzodiazepine receptors have been implicated in

the control of circadian rhythms, based on the ability of

agonists or antagonists to block light-induced phase shifts

or to alter the period or phase of free-running circadian

locomotor rhythms. In the present study, these receptors

were studied using autoradiography of [3H]muscimol and

[3H]flunitrazepam binding in the suprachiasmatic nucleus

(SCN), a critical locus for the regulation of circadian

rhythmicity. Receptor binding was stable across the light-

dark cycle in rat and hamster, suggesting that the phase-

dependency of pharmacological effects is not explained by

receptor up- or down-regulation in the SCN. The hypothesis

is considered that GABAergic intergeniculate leaflet neurons

may communicate "dusk" or "darkness" cues via

GABAA/benzodiazepine receptors in the SCN.

Scatchard analyses of [3H]flunitrazepam binding in the

SCN revealed no evident difference in receptor affinity

between newborns and adults. On embryonic day 18, when the

SCN is first distinguishable and has very few synapses, both

[3H]muscimol and [3H]flunitrazepam binding showed

approximately adult levels. Binding then increased to a

58
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peak around birth and gradually declined. This time course

is compatible with the possibility that GABAA/benzodiazepine

receptors participate in fetal entrainment and the

maturation of circadian properties.
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Introduction

GABAergic neurotransmission has been implicated in the

control of rodent circadian rhythms. Pharmacological agents

that target GABAA/benzodiazepine receptors have phase-

dependent affects on light-induced phase shifts of hamster

circadian locomotor rhythms. For example, the GABAA

antagonist bicuculline, when systemically administered,

reduces light-induced phase delays but not phase advances

(Ralph and Menaker, 1985). Benzodiazepines (BZs), which can

facilitate GABA binding to GABAA receptors, block light-

induced phase advances but not phase delays (Ralph and

Menaker, 1986, 1989). In addition, GABAA/BZ agonists can by

themselves phase-shift rhythms that are free-running in

constant lighting conditions. For example, benzodiazepines

can produce both phase-dependent advances and delays in

hamster locomotor rhythms (Turek and Losee-Olson, 1986;

Ralph and Menaker, 1989; Wee and Turek, 1989). Phase-shifts

also result from SCN microinjection of muscimol (Smith et

al., 1989), an agonist at the GABA recognition site of

GABAA/BZ receptors.

The mechanism for the phase dependency of the above

effects is unknown. The hypothesis tested in the present

study is that there is a circadian rhythm in GABAA/BZ

receptors which underlies the phase dependency (Ralph and

Menaker, 1989). The most probable locus for such receptor

rhythms is the suprachiasmatic nucleus (SCN), which is
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instrumental in generating circadian rhythms and entraining

rhythms to the light-dark cycle (Moore, 1983; Meijer and

Rietveld, 1989).

GABA is the predominant inhibitory neurotransmitter in

the SCN. In the rat, a majority of SCN cells contain GAD

mRNA (Okamura et al., 1989) and GABA-immunoreactivity (Moore

and Speh, 1993; Okamura et al., 1989). The high density of

GAD- or GABA-immunoreactive axons and boutons (Card & Moore,

1984; van den Pol and Tsujimoto, 1985; Decavel and van den

Pol, 1990) derive from intrinsic and commissural neurons as

well as from sources outside the SCN (van den Pol and

Tsujimoto, 1985), including the intergeniculate leaflet

(Moore and Speh, 1993). Despite the reported lack of

staining for a monoclonal antibody to GABAA/BZ receptors in

rat and hamster SCN (Michels et al., 1990), there are

moderate levels of benzodiazepine binding in rat and hamster

SCN (Michels et al., 1990), and low levels of high-affinity

GABAA binding (Francois-Bellan et al., 1989) in the rat SCN.

Electrophysiological evidence for GABAergic transmission was

obtained in hamster (Liou and Albers, 1990) and rat (Liou et

al., 1990) SCN slice preparations, where GABA inhibits

single-unit activity in a majority of cells.

Pharmacological studies of single-unit activity indicate

that GABAergic neurotransmission in the SCN is mediated by

both GABAA/BZ and GABA, receptors (Liou et al., 1990).

Benzodiazepines and GABA mutually facilitate each
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other's action at GABAA/BZ receptors. Receptor affinity for

benzodiazepines is determined by subunit composition

(Seeburg et al., 1990). The regional heterogeneity in

subunit composition (Laurie et al., 1992) contributes to the

considerable lack of correspondence between [3H]muscimol and

[3 3H]flunitrazepam binding distributions in many brain

regions (Unnerstall et al., 1981).

In spite of the predominance of GABA neurotransmission

in the SCN and the well documented effects of GABAA/BZ

agonists or antagonists on circadian rhythms, little is

known about GABAA/BZ receptors in the SCN. In the present

study, film autoradiographs were prepared from SCN sections

incubated in the [ 3H]muscimol (for GABAA binding sites) or

[3H]flunitrazepam (for benzodiazepine binding sites, types I

and II). The main purposes of the study were: 1) to test

for the presence of diurnal changes in GABAA/BZ receptors

which could underlie the phase-dependency of pharmacological

effects on rhythms; 2) to describe [3H]muscimol and

[3H]flunitrazepam binding distributions in the rat and

hamster SCN region; 3) to determine the contributions of

receptor number and affinity to [3H]flunitrazepam binding in

the newborn and adult rat SCN; and 4) to characterize the

ontogeny of receptor binding in relation to the functional

organization of the developing rat SCN. Portions of this

study have been previously described in an abstract (Li and

Fuchs, 1990).
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Materials and methods

Subjects and light-dark cycles

For the circadian study, male Long-Evans hooded rats

(Rattus norvegicus; Simonsen, Gilroy CA) weighing 200-300 g

were housed two per cage with food and water available

continuously. Animals were maintained in a 12:12 light-dark

cycle (LD), with fluorescent overhead lights on during L and

a dim red night-light on during D. To minimize potential

effects of diurnal changes in noise levels or animal care

activities, half of the subjects were kept in a room with

lights on 07.00-19.00 while others were in an adjacent room

with the reverse LD cycle; however, for the purposes of

combining subjects, the light period is from here on

designated 07.00-19.00. Animals were given at least 6 weeks

to adjust to the LD cycle. The circadian study was based on

4-6 animals per time point: 09.00, 12.00, 15.00, 18.00,

21.00, 24.00, 03.00 and 06.00 h. Animals were sacrificed by

decapitation; those from D were killed under dim red light.

The two timepoints, from early and late D, were chosen to

test effects of lights on at night (21.00 and 06.00). For

these groups, room lights were turned on for 1 h prior to

sacrifice.

Golden hamsters (Mesocricetus auratus) were sacrificed

at three time points, chosen for the range of phase shifts

induced by benzodiazepines: 13:00 (CT6) for maximal phase

advances, 19:00 (CT12) for minimal phase sensitivity, and



64

04:00 (CT21) for maximal phase delays (Turek and Losee-

Olson, 1986). Each group included five to seven hamsters.

Rats for the developmental study were kept in LD and

sacrificed 3-4 hours after L onset. The age groups included

E18, E19, E20, PO, P4, P8, and P21. The day of birth (PO),

generally occurred on embryonic day 22 (E22). Each age

group included 2-5 rats from at least two different litters.

Prenatal rats were obtained by Caesarian section from timed

pregnant females.

Tissue preparation

Unperfused brains were rapidly dissected out and frozen

in isopentane at -30 C. For circadian studies, 10-pm

cryostat sections were cut from hypothalamic blocks, and

every 6th section was used for each ligand. For the

developmental study, 20- m sections were taken, and

approximately every other section was used for each ligand.

SCN sections were thaw-mounted onto gelatinied slides and

air-dried for approximately 0.5-2 hr. These sections were

then stored desiccated for several months -80 C. Additional

test sections indicated no evident effect of the duration of

tissue storage.

[ 3H] Muscimol binding

The procedure was based on that of Mower and coworkers

(1986). Sections were preincubated for 20 min at 4 C in

0.31 M Tris-citrate buffer, pH 7.1 and then incubated for 40

min at 4 C in the same buffer containing 10 nM [ 3H]muscimol
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(20 Ci/mmol, New England Nuclear). Sections were rinsed

twice for 30 min each in cold buffer, were dipped briefly in

dH2O and were dried in a stream of air. Nonspecific binding

was assessed in the presence of 1 mM GABA (Sigma).

[ 3H1 Flunitrazepam binding

The binding procedure was similar to that described by

Unnerstall and coworkers (1981). Sections were incubated

for 40 min at 4 C in 1 nM [ 3H]flunitrazepam (87 Ci/mmol, New

England Nuclear) in 0.17 M Tris-HCl, pH 7.4. Sections were

rinsed twice for 1 min each in cold buffer, dipped briefly

in cold dH2O, and were dried in a stream of air.

Nonspecific binding was assessed in the presence of 1 M

clonazepam (Sigma).

For calculation of affinity constants and maximum

number of binding sites, equilibrium binding analysis was

carried out on SCNs from two PO and two adult rats.

Sections were treated as above in 8 concentrations of

[3H]flunitrazepam, ranging from 0.23 nM to 15.0 nM. At each

of these 8 concentrations, nonspecific binding was assessed

in the presence of 1 pM clonazepam.

Autoradiography and data analysis

Sections were exposed to tritium-sensitive Hyperfilm

(Amersham) along with tritium standards (microscale,

Amersham). Exposure times were approximately 2 weeks for

[ 3H]flunitrazepam and 4.5 months for [ 3H]muscimol. The film

was developed in Kodak D19 and further processed according
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to the manufacturer's instructions. Following preparation

of the film autoradiographs, the sections were Nissl-stained

with thionin.

Autoradiographs were quantified using a video-based

image analysis system (MCID, Imaging Research, St.

Catherines, Ontario, Canada). Average transmittance values

of the pixels within outlined regions were automatically

calibrated with reference to a best-fit equation based on

the radioactivity standards calibrated in nCi/mg wet weight

of tissue. Data was taken from the SCN using re-directed

sampling. The autoradiographic image was stored in register

with the same section Nissl-stained, and the region to be

quantified was outlined on the Nissl image. Readings were

usually obtained from at least five SCN sections per animal.

Since binding density was fairly uniform along the

anteroposterior axis of the SCN, data were obtained from the

central three-fourths of the nucleus, avoiding the extreme

anterior and posterior poles where cross-sectional areas are

smallest. Differences between groups were tested using

ANOVAs. Scatchard analyses were based on the program LIGAND

(Munson, 1983).

Results

A comparison of binding values in rat SCN across 8

timepoints revealed no diurnal variation for either

[ 3H]muscimol (Fig. 14; F 3,5 2 = 1.64; p<0.19) or



67

[ 3H]flunitrazepam binding (Fig. 15; F3 ,so = 2.31; p<0.09) . In

addition, values for the L vs. D groups at night were quite

similar (Figs. 14 and 15): early subjective night (21.00),

[ 3H]muscimol: F1,1O = 2.99, p<0.12; [ 3H]flunitrazepam: F1,10 =

2.25, p<0.16); late subjective night, 06.00 (for

[ 3H]muscimol: F1,8 = 2.96; p<0.12; for [ 3H]flunitrazepam: F 1, 9

= 0.71, p<0.42). The hamster SCN also showed no significant

change across the three time points (Fig. 16; [3H]muscimol:

F2 , 15 = 2.17; p<0.15; [ 3H]flunitrazepam: F2 , 16 = 2.19; p<0.14).

For both ligands, nonspecific binding in rat and hamster SCN

was negligible.

In the SCN of rat and hamster, [3H]muscimol and

[3H]flunitrapepam binding were low in the SCN relative to

most other brain regions. Within the SCN, labeling was

lower in the medial than lateral SCN (Figs. 17, 18, 19 and

20); this distinction was especially marked for

[3H]flunitrazepam binding in the hamster. For both ligands,

binding densities were fairly constant along the rostro-

caudal extent of the rat and hamster SCN. Under the ligand

binding conditions used here, [3H]flunitrazepam in the SCN

was higher in hamsters than in rats (84.5 + 3.0 fmol/mg

(n=19) compared to 67.7 + 1.6 (n=42); F1,59 = 28.99;

p<0.0001). [3H]Muscimol levels were also higher in hamsters

than in rats (27.7 + 1.0 fmol/mg (n=18) compared to 19.4 +

0.7 (n=44); F1,60  = 45.68; p<0.0001).

[3H]Flunitrazepam binding affinity showed little change
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between in PO and adulthood (Fig. 21); KD values were 0.96

nM (r = 0.85) vs. 0.75 nM (r = 0.80), respectively. In the

same animals, Bmax decreased from 124 to 87 fmol/mg. The rat

SCN on E18 showed nearly adult levels of [3H]muscimol and

[3H]flunitrazepam binding (Figs. 17, 18 and 22). Densities

increased to a maximum on PO for [3H]flunitrazepam and P1

for [3H]muscimol. From E18 to the day of birth,

[3H]muscimol and [3H]flunitrazepam binding levels increased

by 55% and 30%, respectively. Binding levels declined from

birth toward adulthood.

Discussion

Regional distribution in rat and hamster SCN

The distributions of [ 3H]muscimol and [ 3H]flunitrazepam

binding in the SCN region are not predicted from

immunocytochemical observations. For example, while ligand

binding was denser in the lateral than medial SCN, GAD- and

GABA-immunoreactive axons and boutons are fairly uniformly

localized in the SCN (Card and Moore, 1984; van den Pol and

Tsujimoto, 1985; Frangois-Bellan et al., 1990). Moreover,

ligand binding was lower in the SCN than in neighboring

hypothalamic regions, while the converse was described for

GABA--immunoreactivity (Frangois-Bellan et al., 1989). Also,

in comparison with most other brain regions, the percentage

of GABA-positive neurons in the SCN is apparently quite high

while the levels of [3H]muscimol binding are relatively low.
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Several factors could contribute to this disparity between

3H]muscimol binding and GABA-IR. For example, some

receptor/transmitter "mismatches" (Herkenham and McLean,

1986) arise from differences in subcellular localization of

neurotransmitter and their receptors. Secondly, only high-

affinity GABAA binding was considered. Autoradiographic

studies indicate that in most brain regions, high-affinity

[3H]muscimol binding is indistinguishable in regional

distribution from low-affinity [3H]muscimol binding (Olsen

et al., 1990) and is quite similar to GABA binding (Bowery

et al., 1987). Nevertheless, not all GABA receptor types

have been described in the SCN region. Substantial

contributions from GABAB receptors are expected based on

their presence in the SCN (Frangois-Bellan et al., 1989) and

the ability of the GABAB antagonist baclofen to reduce

light-induced phase advances and delays (Ralph and Menaker,

1989).

Rat and hamster showed species differences in both

[ 3H]muscimol and [ 3H]flunitrazepam binding levels.

Moreover, the hamster showed a greater contrast between the

low labeling in the medial portion of the SCN and the denser

labeling in the lateral SCN. The observation that

[3H]flunitrazepam binding was about 25% higher in hamster

than rat SCN concurs with Michels et al. (1990), although

the binding levels they obtained were twofold lower, with a

50% higher concentration of ligand in solution than was used
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here.

Possible roles for SCN GABAn/BZ receptors in entrainment and

circadian rhythmicity

Several lines of evidence implicate GABA/BZ receptors

in the photic control of rodent circadian rhythms. GABAA

antagonists block light-induced phase delays (Ralph and

Menaker, 1985) and BZs block light-induced phase advances

(Ralph and Menaker, 1986, 1989). GABAA/BZ agonists can

produce phase-dependent advances and delays (Turek and

Losee-Olson, 1986; Ralph and Menaker, 1989; Smith et al.,

1989; Wee and Turek, 1989). The phase-dependency of these

pharmacological effects could be accounted for by receptor

rhythms in the SCN. However, the diurnal stability in

[ 3H]flunitrazepam and [ 3H]muscimol binding found in the

present study suggests that the phase-dependencies of the

pharmacological effects on rhythms are not based on up- or

down-regulation of GABAA/BZ receptors in the SCN. The lack

of diurnal changes in receptor binding is compatible with

the observation that neurons in SCN slices do not show day-

night differences in sensitivity to iontophoresed GABA (Liou

and Albers, 1990; Mason et al., 1991). Also, the lack of

effect on binding levels of lights-on at night also does not

support a role for rapid receptor changes in photic

entrainment.

GABAA/BZ receptors in the SCN may mediate phase-

shifting cues via GABAergic input from the intergeniculate



71

leaflet, which has been demonstrated to participate in

photic entrainment (Pickard et al., 1987) and to be

necessary for phase-shifting effects of GABAergic agents

(Johnson et al., 1988; Biello et al., 1991). In some

geniculohypothalamic axons, GABA is co-localized with

neuropeptide Y (Moore and Speh, 1993); when microinjected

into the SCN, neuropeptide Y yields a phase response curve

resembling that produced by dark pulses in otherwise

constant light (Albers and Ferris, 1984), which in turn

resembles the phase response curve obtained by systemic

triazolam injections (Turek, 1987; Turek and Losee-Olson,

1986). An association between GABA and the dark phase of a

light-dark cycle is also supported by the finding that GABA

levels in the hypothalamus peak at night (Friedman and

Piepho, 1978), and by the correspondence between lower

levels of SCN neuronal activity at night (Green and

Gillette, 1982) and the inhibitory effects of GABA on SCN

neurons (Liou and Albers, 1990; Liou et al., 1990). Perhaps

in part because SCN activity is highest during the day,

muscimol changes (lowers) 2-deoxyglucose uptake in the SCN

only during the day (Tominaga et al., 1992); hence, GABA

might be most effective in signaling photic changes to the

SCN during the day. Taken together, the above observations

are compatible with the suggestion that GABAergic

intergeniculate leaflet neurons act via GABAA/BZ receptors

to communicate "dusk" (lights-off) or "darkness" cues to the
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SCN. In this capacity, GABAA/BZ might serve as a component

of the "dusk" oscillator proposed in dual circadian

oscillator models (Pittendrigh, 1981).

Ontogeny of GABAn/BZ receptors in the SCN

For both [3H]flunitrazepam and [3H]muscimol, binding

density had reached approximately adult levels by E18, then

peaked around the time of birth, and declined postnatally.

The parallel time courses in the SCN contrast with a number

of other brain regions where [3H]muscimol and binding show

disparate regional distributions and maturation rates

(Palacios and Kuhar, 1982; Fuchs, 1989). Although

distinctive developmental changes in the composition of

GABAA/BZ receptors have been described in various brain

regions (Laurie et al., 1992), no substantial change in

[3H]flunitrazepam affinity was found between birth and

adulthood, as reported for [ 3H]diazepam in the cerebral

cortex (Candy and Martin, 1979). Although the mature SCN

has little myelin relative to most brain regions, some

postnatal increase in quenching of tritium is expected and

may contribute to the postnatal declines in ligand binding

density. Quenching should not affect comparisons across time

points in adults.

The developmental time course of GABAA/BZ receptor

binding in the SCN is compatible with possible involvement

of these receptors in fetal entrainment and in the

subsequent maturation of circadian properties. Nearly adult
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levels of [ 3H]flunitrazepam and [ 3H]muscimol binding were

present already on E18, when the SCN first becomes

distinguishable in Nissl-stained sections. Because very few

synapses are present in the fetal (Moore and Bernstein,

1989) or neonatal SCN (Lenn et al., 1977), a portion of the

receptors in the perinatal SCN is probably associated with

nonsynaptic roles. For instance, GABA can affect neuronal

differentiation and synaptogenesis (Meier et al., 1991), and

some glial cells have [3H]muscimol binding sites (Mize and

White, 1989; Blankenfeld and Kettenmann, 1991). In

addition, immature SCN neurons may have extrasynaptic

binding sites which could allow the SCN to respond to

circulating ligands of maternal or fetal origin. In

particular, GABAA/BZ receptors in the SCN from E19 to birth

could contribute to the fetal.SCN ['4C]2-deoxyglucose

rhythm, which begins to entrain to the maternal rhythm on

E19 (Reppert and Schwartz, 1984). The immaturity of the

blood-brain barrier might allow a broad range of rhythmic

maternal blood-borne chemicals to enter the fetal brain. A

number of endogenous modulators have been described for the

GABAA/BZ receptor (Costa, 1991); it remains to be determined

whether there are maternal rhythms in these substances and

whether they can affect the fetal SCN.
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Fig. 17. Ontogeny of [3H]muscimol binding in the rat SCNregion. Autoradiographs (left) are shown with the samesections Nissl stained (right). At all ages, binding
densities were higher in the lateral than medial SCN, and atno age did ligand binding delineate the SCN.
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Fig. 18. Ontogeny of [3H]flunitrazepam binding in the rat
SCN region. Autoradiographs (left) are shown with the same
sections Nissl stained (right). At all ages, binding
densities were higher in the lateral than medial SCN, and at
no age did ligand binding delineate the SCN.
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V. CONCLUSIONS

The present study provides information on SCN

neurotransmitter receptors in relation to circadian

properties. The four receptor ligands investigated showed

no significant changes in binding across the light-dark

cycle in either rat or hamster SCN, suggesting diurnal

stability of these receptors. Although neurotransmitter

receptors are expected to be essential for SCN function, no

evidence was found that changes in receptor levels underlie

circadian rhythmicity in SCN activity or entrainment

properties.

If receptors do not change, alternative hypotheses can

be proposed to account for circadian changes in neuronal

activity levels and responsiveness to pharmacological

agents. For example, there could be circadian changes in

second messenger systems associated with some of these

receptors. VIP (Hill et al., 1992) and angiotensin II

(Tamura and Speth, 1990; Sumner and Myers, 1991) receptors

are coupled to second messenger systems. Circadian changes

in components of cAMP or phosphatidyl inositol second

messenger systems could result in circadian changes in

neuronal responsiveness to these peptides. Moreover,

although the GABAA/BZ receptor is ionotropic, circadian

84
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changes in second messenger responsiveness may indirectly

affect the consequences of activating GABAA/BZ receptors.

The influence of GABAA/BZ channel opening on neuronal

activity depends upon the membrane polarity of the

postsynaptic neuron, which in turn is affected by second

messengers associated with other receptor types in that

neuronal membrane. Circadian changes in SCN properties

could also result from cellular changes such as those that

occur in the supraoptic and paraventricular nuclei with

changes in osmosensitivity (Hatton, 1984).

The observation that lights-on in early or late night

did not affect levels of VIP and GABAA/BZ receptors does not

support the suggestion that effects of light on circadian

rhythms are mediated by changes in receptor binding.

Alternative cellular mechanism(s) might be responsible for

phase-dependent light responsiveness of the SCN. Recent

studies have demonstrated that light can activate immediate

early gene (c-fos) expression in the SCN: light in the dark

phase of an LD or subjective night of DD (constant darkness)

increases the level of immunoreactive Fos (Aronin et al.,

1990) .and c-fos mRNA (Rusak et al., 1990). The induction of

c-fos expression is phase dependent, with light only

effective in the middle or late subjective night in DD

(Sutin and Kilduff, 1992). The phase-dependency of c-fos

gene activation suggests that it may be involved in

mediating photic entrainment of circadian rhythms. It is
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not known which target genes in the SCN are regulated by

Fos. Based on the concentration of VIP mRNA (Card et al.,

1988; Stopa et al., 1988) and immunoreactive Fos (Aronin et

al., 1990; Rusak et al., 1990) in the ventrolateral SCN,

together with the apparent involvement of VIP neurons in

photic entrainment (see INTRODUCTION), it has been suggested

that the VIP gene might be a "late-response gene" regulated

by Fos protein in the SCN (Aronin et al., 1990). This Fos

regulation might be involved in the light responsiveness of

the SCN.

While rat and hamster SCN appear to share a number of

circadian properties, studies seldom include both species.

For example, most of descriptions of anatomy, neurochemical

composition and electrical characteristics of the SCN are

based on rats, whereas most pharmacological or behavioral

circadian use hamsters. The present study reports marked

difference in receptor binding for angiotensin II and a

moderate difference for VIP and GABAA/BZ between the rat and

hamster SCN. These observations extend a growing list of

distinctions between rat and hamster SCN, including NMDA

(Hartgraves and Fuchs, in preparation), metabolic activity

levels (Schwartz, 1990) and distribution of the

retinohypothalamic projection (Johnson et al., 1988).

Interspecies differences in receptor binding advise caution

when applying information across species. Comparative

examinations of SCN properties in rats and hamsters may be
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useful for further understanding circadian timekeeping

mechanisms.

VIP and GABAA/BZ binding sites appeared in the fetal

SCN, well before the full development of neuronal networks

within the SCN. VIP and GABAA/BZ receptors were present in

the SCN coincident with the emergence of the SCN ['4C]2-

deoxyglucose rhythm, which begins on E19 and is maternally

entrained. These "early-appearing" receptors could be

involved in the entrainment of fetal rhythmicity, perhaps by

mediating responses to nonsynaptic signals of maternal or

fetal origin. In addition, VIP and GABA might serve trophic

functions in early development; such trophic functions can

be receptor-mediated (Meier et al., 1985).

[12 I]Angiotensin II binding levels increased in rat SCN

during the first postnatal week, a transitional period in

which SCN synapses increase substantially (Lenn et al.,

1977), the SCN becomes innervated by the RHT (Moore, 1991)

and maternal entrainment cues become subordinate to light-

dark cues (Duncan et al., 1986). This developmental profile

of SCN angiotensin II receptors suggests that these

receptors are unlikely involved in fetal entrainment, but

may participate with other receptors in the SCN properties.

As the particular roles of neurotransmitter systems in the

SCN become known, observations on the development of

neurotransmitter systems in the SCN may facilitate an

understanding of the ontogeny of circadian rhythmicity.
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