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Abstract
Suprachiasmatic nucleus neuroanatomy has been a subject of intense interest since the discovery
of the SCN’s function as a brain clock and subsequent studies revealing substantial heterogeneity
of its component neurons. Understanding the network organization of the SCN has become
increasingly relevant in the context of studies showing that its functional circuitry, evident in the
spatial and temporal expression of clock genes, can be reorganized by inputs from the internal and
external environment. Although multiple mechanisms have been proposed for coupling among
SCN neurons, relatively little is known of the precise pattern of SCN circuitry. To explore SCN
networks, we examine responses of the SCN to various photic conditions, using in vivo and in
vitro studies with associated mathematical modeling to study spatiotemporal changes in SCN
activity. We find an orderly and reproducible spatiotemporal pattern of oscillatory gene expression
in the SCN, which requires the presence of the ventrolateral core region. Without the SCN core
region, behavioral rhythmicity is abolished in vivo, whereas low-amplitude rhythmicity can be
detected in SCN slices in vitro, but with loss of normal topographic organization. These studies
reveal SCN circuit properties required to signal daily time.

INTRODUCTION
The Problem

Studies of the suprachiasmatic nucleus (SCN) and its function as the “master circadian
pacemaker” offer an opportunity to examine multiple temporal and spatial scales so as to
explore how complex responses emerge from cellular elements. Breakthroughs in molecular
biology and in computer-based storage and analysis of enormous amounts of data have made
it possible to measure brain structure, gene expression, and electrical activity simultaneously
at many locations with high spatial and temporal resolution. The SCN is an unusual model
system in the mammalian brain in that its function is well delineated and can be studied at
cellular, tissue, and whole-organism levels. Finally, joint use of experimental and modeling
approaches has led to new experimental studies that help to explore and explain seemingly
unintuitive results.
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The SCN and Its Function
The SCN is an endogenous master circadian pacemaker, whose phase is reset by photic cues
via the retino-hypothalamic tract (RHT) and which controls daily rhythms of behavior and
physiology (Klein et al. 1991). Ablation of the SCN produces a loss of circadian rhythmicity
at the whole-animal level (Moore and Eichler 1972; Stephan and Zucker 1972), with no
recovery of function irrespective of the age at which the lesion is made (Mosko and Moore
1979). The SCN oscillates in the absence of input from the rest of the brain both in vivo
(Inouye and Kawamura 1979) and in vitro (Green and Gillette 1982; Groos and Hendriks
1982; Shibata et al. 1982). Within the SCN, circadian oscillations can be measured in gene
expression, electrical activity, metabolic activity, and neuropeptide release (Reppert and
Weaver 2001). Furthermore, fetal SCN grafts can restore behavioral rhythms in SCN-
lesioned animals (Lehman et al. 1987; Ralph et al. 1990). The SCN produces both synaptic
and diffusible output signals (Hakim et al. 1991; Silver et al. 1996). Neural efferents appear
to be necessary for SCN control of neuroendocrine responses but not for activity-dependent
rhythms such as drinking, gnawing, and temperature regulation (Lehman et al. 1987; Hakim
et al. 1991; Meyer-Bernstein et al. 1999). Finally, individual SCN neurons display circadian
rhythmicity upon dispersion (Welsh et al. 1995). These experiments suggest the concept of
the SCN as a brain clock comprising a feed-forward circuit of similar cellular elements that
together produce a coherent circadian rhythm output that signals time of day information for
the rest of the body (Fig. 1A).

The Tissue Is the Issue
The initial view of the SCN assigned to it nearly magical properties. Here, within the
mammalian brain was a hypothalamic nucleus that was necessary and sufficient for a single
function, and upon damage (even neonatally), this function could not be assumed by any
other tissue. The early view of the SCN as a black box was a very useful heuristic in
drawing attention to inputs and outputs of the master clock (see Fig. 1 in Pittendrigh and
Bruce 1959; Eskin 1979). Since that time, numerous advances in the analysis of SCN
organization have contributed to understanding the component cellular elements and neural
circuits inside this black box (summarized in Fig. 1B–C). The investigation of SCN
responses to naturally occurring and experimentally induced challenges has made it clear
that robust function of the brain clock is dependent on its intricate neural circuitry (Fig. 1D–
F). We know relatively little of SCN circuits, although some general principles of network
organization may be useful in conceptualizing available data (Fig. 1G).

Wiring economy or optimization has been suggested as an important general principle for
brain organization because larger volumes raise metabolic cost, delay signal transduction,
and attenuate signals (Ramón y Cajal et al. 1999). According to this principle, among the
various functionally equivalent arrangements of neurons, the one having minimum wiring
cost is most evolutionarily fit and therefore is most likely to be selected (Chklovskii and
Koulakov 2004). The SCN is small, with small (8–10-μm diameter) densely packed neurons.
Even though brain weight and total neuron number differ more than a 1000-fold between
human and mouse (human vs. mouse, 1350 g vs. 450 mg; 85 billion vs. 75 million neurons,
respectively; Williams and Herrup 1988), the number of neurons in the human SCN is only
a fewfold greater (human vs. mouse, 45,000 vs. 10,500; Hofman and Swaab 1989;
Abrahamson and Moore 2001). The slight change in the number of SCN neurons during
evolution suggests computational performance of the SCN has reached an optimal level at a
small size. (This observation also suggests that the SCN does not scale with brain size.) How
does the SCN solve the conflict between wiring economy and the need to coordinate long-
term, i.e., circadian, rhythmicity among neurons? If the SCN has properties of a small-world
network (Watts and Strogatz 1998), one would expect to find local connections between
nodes with a few long-distance connections (Fig. 1G). Restated, it would have a small
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number of connections per node but also a small total distance between any two nodes.
Signals in a small-world network tend to propagate very rapidly through the whole network.
The advantage of the small-world arrangement for a neural network is not only for wiring
economy, but also to increase clustering, and some aspects of SCN circuits are consistent
with these properties. For other aspects, particularly the function of the SCN in representing
the time of day and season of the year, the evidence of spatiotemporal organization reviewed
in this chapter is more consistent with a locally connected network in which signals spread
rather slowly from one layer of connected nodes to the next. Such a locally connected
network exploits the inherent periodicity of the oscillator cells so as to establish the
timescale of the circadian timekeeping. (A “cellular automaton” approach to modeling a
locally connected network oscillator is presented below.) In view of regional heterogeneity
of the SCN, it is possible that both types of networks occur within the nucleus.

It is our thesis that “the tissue is the issue,” i.e., SCN function can best be understood by
delineating circuit properties of the SCN that render it a brain clock. Our objective is to
explore how the individual cells that comprise the SCN produce its rhythmic output
signal(s). The view that rhythmicity of the SCN is a product of individual, coupled
oscillators has set the basis for physiological and modeling studies of the clock, as well as its
inputs and outputs. We explore how the cells of the bilateral SCN are organized in space and
time, and how unique clock functions are achieved by this organization of SCN cellular
elements. The cells that constitute SCN circuits include diverse elements: cell-autonomous
oscillators, slave oscillators, and cells that do not appear to oscillate at all (Lee et al. 2003;
Hastings and Herzog 2004; Antle and Silver 2005). Thus, within the SCN, heterogeneous,
independently phased cellular oscillators occur in a spatially and temporally ordered pattern,
and this underlies the timekeeping function of the nucleus. Our goal is to review SCN
neuroanatomy briefly, to describe changes in its organization following exposure to various
photic stimuli, and to deconstruct its neural circuitry using in vivo and in vitro studies and
associated modeling analyses.

SECTION THEMES
Brief Anatomy of SCN Focusing on Core and Shell Organization

Numerous features of SCN organization are consistent among mammals. Each side of this
bilaterally symmetrical nucleus of rodents contains approximately 10,000 neurons, with
characteristic topography of peptide content, afferent/efferent connections, and clock gene
expression. From the time of the earliest studies, it was clear that the SCN is composed of
two fundamentally different regions based on cell size and morphology, afferent and efferent
connections, and neuropeptide phenotype (Moore 1983). Largely based on the rat SCN,
these two regions were designated ventrolateral and dorsomedial. As comparative data
emerged, the limited generality of these two “geographic” descriptors came into better
focus. Because the topography of SCN organization differs among species, it became more
useful to think of the SCN as composed of “core” and “shell” regions, based on
physiological and functional criteria (Miller et al. 1996; Antle and Silver 2005). This
brought the advantage of conceptually differentiating two regions but lacked precise
localization. Because the anatomical loci suggested by the terms core and shell do not
delineate SCN regions very precisely, these designations can lead to confusion (for
discussion, see Morin and Allen 2006). Nevertheless, anatomical specializations are
generally associated with functional specializations, and the core-shell distinction usefully
sets the stage for exploring intra-SCN organization (Abrahamson and Moore 2001). As long
it is clear which part of the nucleus is being described, and the criteria being used, the core
and shell terminology helps to analyze SCN organization and to conceptualize and
communicate the results of such analyses.
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Distribution of peptidergic phenotypes within the SCN—The study of core-shell
functional specializations has been hampered by the fact that there is significant diversity
among species in the peptidergic phenotypes of SCN cells (Morin and Allen 2006). The
SCN shell contains neurons expressing arginine vasopressin (AVP) in most species,
including mouse, rat, hamster, lemur and humans, although not in mink (Larsen and
Mikkelsen 1993) or mole rat (Rosen et al. 2007). The SCN core is rich in vasoactive
intestinal polypeptide (VIP) and gastrin-releasing peptide (GRP) in mouse, rat, and hamster
(Morin et al. 1992; Moore 1996; Abrahamson and Moore 2001). Other peptides in the SCN
core, however, are more variable among species (Card and Moore 1984; Hartwich et al.
1994; Silver et al. 1999; Abrahamson and Moore 2001), likely reflecting functional species
specializations. For example, the hamster core contains calbindin (CalB) and substance P
(SP), whereas the mouse core contains calretinin and neurotensin.

There is a broad association between peptidergic phenotype and clock function. The SCN
shell region is delineated by AVP neurons and by rhythmic Per mRNA and AVP expression
(Schwartz et al. 1983; Jin et al. 1999). The core region, bearing VIP and GRP cells, lacks
detectable rhythmicity or shows very low-amplitude changes in clock gene expression (Fig.
2) (Antle and Silver 2005). In contrast to AVP, neither VIP nor GRP is rhythmically
expressed in the SCN under constant conditions, although in light/dark (LD) cycles, GRP is
higher in the day and VIP is higher at night (Inouye and Shibata 1994).

Inputs to SCN—The SCN core and shell have distinct afferent inputs indicative of
fundamental differences in function. The core receives direct input from the retina through
the retinohypothalamic tract (RHT), secondary visual input from the intergeniculate leaflet
(IGL), and the lateral geniculate complex through the geniculohypothalamic tract (GHT), as
well as input from the pretectal nuclei and from the midbrain raphe nucleus (Moore 1973;
Moga and Moore 1997; Abrahamson and Moore 2001). The shell receives input from the
basal forebrain, the cerebral cortex, the hippocampus, brainstem cholinergic nuclei,
medullary noradrenergic areas, and several hypothalamic nuclei.

In some instances, the peptidergic phenotype of cells receiving afferent inputs is known.
RHT fibers synapse onto VIP cells and GRP cells (rat; Ibata et al. 1989; Tanaka et al. 1997)
or on calbindin and GRP cells (hamster; Bryant et al. 2000). Although some retinal fibers
may be seen throughout the SCN, the greatest density is in the core region. Functional
analysis of Per gene or c-Fos expression reveals that light-induced activation of SCN cells
occurs first within the SCN core and later in the rest of the SCN, indicating a multistep
propagation of a signal through the SCN (Fig. 1B and 4) (Yan and Silver 2002, 2004;
Karatsoreos et al. 2004). The core is also a site of hormone action. In mouse, androgen
receptors (AR) are concentrated in GRP cells of the core SCN, among other cell types, and
SCN AR expression is modulated by circulating androgen (Karatsoreos et al. 2007).

Intra-SCN connections: Core and shell specializations—There is very little work
done on intra-SCN connections of specific neuronal phenotypes, as the effort is hampered
by the small size of the nucleus and of its neurons. Although the phenotype of particular
cellular elements is unclear, it is known from electron microscopy studies that the SCN
contains large numbers of local circuit axons or local collaterals of long projection axons
(van den Pol 1991). Some of these axons appear to be devoted to communication among
cells of the SCN, whereas others are axon collaterals of neurons that project outside the SCN
and also terminate within the SCN. Indeed, about 80% of synaptic endings within the SCN
survive transection of long efferent connections, indicating that SCN axons form extensive
axonal circuits within the SCN. The results of the three studies available on known
peptidergic phenotypes are consistent with the foregoing. Morphologically, AVP neurons
have few axon collaterals, most of which remain inside the boundaries of the SCN but
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occasionally project to SCN target areas. Their dendritic branches are compact and bear
numerous varicosities (Fig. 2C) (Pennartz et al. 1998). In studies using similar methods to
study GRP cells in mouse, we find that biocytin-filled GRP cells have axon projections and
dendritic arbors in the shell, and GRP dendrites make appositions with AVP neurons and
their processes (Fig. 2C) (Drouyer et al. 2005). Furthermore, these intra-SCN circuits are
directional. Trans-synaptic labeling of neuronal circuits indicates dense projections from
core to shell but little reciprocal innervation (Leak et al. 1999), and this directionality is also
seen in biotin-filled core cells (Jobst et al. 2004; Drouyer et al. 2005).

Gap junctions—In addition to synaptic connections, gap junctions also contribute to intra-
SCN circuits. In the rat SCN, cells are coupled (Jiang et al. 1997) either within dorsomedial
or within ventrolateral SCN, but cells in one region are not coupled to cells in the other
region (Colwell 2000). Data from our lab are consistent with these findings: The majority
(67%) of GRP cells in mouse SCN are dye-coupled to other cells in the core (Drouyer et al.
2005). In connexin-36 (gap junction protein) knockout mice, behavioral circadian
rhythmicity is damped and the onset of activity at the transition to darkness is delayed,
suggesting an important functional role for electrical coupling among SCN neurons (Long et
al. 2005).

SCN outputs—SCN efferents have been amply reviewed, and we focus here on the
question of core/shell differences/similarities. SCN outputs are densest to adjacent
hypothalamic nuclei, especially to the subparaventricular zone (SPVZ), the preoptic area
(POA), and the dorsomedial hypothalamus (DMH) (Watts et al. 1987; Leak and Moore
2001; Kriegsfeld et al. 2004a), with limited projections to the forebrain, thalamus, and
periaqueductal grey. It has been proposed that the former nuclei serve as relays for SCN
projections to cell groups throughout the brain (Moore 1996; Deurveilher and Semba 2005).
On the basis of track-tracing studies, it appears that core and shell SCN neurons project to
all the same targets, although the relative densities of these projections differ (Leak and
Moore 2001; Kriegsfeld et al. 2004a). For example, it seems that the medial SPVZ, DMH,
and POA receive most of their input from the shell, whereas the lateral SPVZ receives most
of its input from the core. This differential pattern of efferent connectivity permits distinct
signals from core and shell to reach target sites in the brain.

Diffusible signals represent another SCN output. Polymer-encapsulated SCN fetal tissue
grafts, producing diffusible output signals, are sufficient to restore behavioral but not
endocrine rhythms (Fig. 1B) (Lehman et al. 1987; Silver et al. 1996; LeSauter and Silver
1998; Meyer-Bernstein et al. 1999). In addition, SCN2.2 cell lines induce rhythms of
metabolic activity and clock gene expression in cocultured fibroblasts via a diffusible signal
(Allen et al. 2001). A few candidate diffusible factors have been proposed including
prokineticin 2 (Cheng et al. 2002; Prosser et al. 2007), transforming growth factor-α (TGF-
α) (Kramer et al. 2001), and cardiotrophin-like cytokine (Kraves and Weitz 2006). It is not
clear whether these diffusible signals emanate from core or shell, whether they are produced
by particular subtypes of SCN cells, and whether additional diffusible factors remain to be
identified.

Function of SCN Subregions
Distinct functions of core and shell—Use of immediate-early genes and clock genes
as markers indicates that there are two fundamentally different responses of SCN neurons
and that these are well aligned with “core” and “shell” compartments. In constant darkness
(DD), rhythmic oscillation of Per1 and Per2 expression occurs in the shell (mouse,
Shigeyoshi et al. 1997; rat, Yan et al. 1999; hamster, Hamada et al. 2001), but depending on
the methods used, such oscillation is very low or not detectable in the core (hamster,
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Hamada et al. 2001; mouse, Karatsoreos et al. 2004). On the other hand, light-induced Per1
and Per2 expression is largely limited to the core SCN. Similarly, endogenous circadian
rhythms of c-FOS and FRA-2 expression occur in the shell, but not in the core, whereas
light-induced expression of c-FOS, FRA-2, and FOS-B occurs in the core, but not in the
shell (Schwartz et al. 2000). These regional differences may be difficult to detect in some
preparations as the VIP and GRP cells that delineate the core have very dense efferent
projections that cover the entire SCN and extend beyond its borders (Fig. 3).

This core/shell difference is also seen in electrical activity rhythms. Both rat AVP cells
(Schaap et al. 1999) and neurons lying in the AVP-rich region of mouse SCN (delineated by
Per1-GFP) (Kuhlman and McMahon 2004) have a higher firing rate during the day than at
night. In contrast, calbindin cells of the hamster core SCN (Jobst and Allen 2002) or GRP
cells in a transgenic green fluorescent protein (GFP)-reporter mouse (Cloues et al. 2001)
show no day/night rhythm in firing rate. In summary, at least some core cells are not
detectably rhythmic in gene expression or electrical activity but are light responsive during
the night. The light responsiveness of these cells is said to be “gated” (opened or closed) by
the circadian clock because it occurs at night but not during the day. Although the gating
mechanism is not known, the discovery of these cells sets the stage for exploring the
functional importance of cellular diversity within the SCN (Figs. 1D and 3).

Role of core in SCN oscillation—Lesions of the SCN core region eliminate circadian
rhythms of locomotor activity, drinking, gnawing, body temperature, and hormone secretion,
even when substantial SCN tissue survives ablation (LeSauter and Silver 1999; Kriegsfeld et
al. 2004b). The spared SCN tissue contains AVP cells, which are known cellular oscillators,
capable of self-sustained oscillation in SCN slices (Noguchi et al. 2004) and even when
cultured at low density in vitro (Murakami et al. 1991; Watanabe et al. 1993). In organotypic
cultured SCN slices, surgical separation of the ventral and dorsal SCN region causes the
neurons in the dorsal shell SCN to desynchronize, whereas the ventral core neurons retain
coherent rhythmicity (Yamaguchi et al. 2003). These results suggest that cells of the SCN
shell are not sufficient to maintain synchrony among the oscillator neurons and that core-to-
shell communication is a requirement for rhythmicity of the tissue as a whole.

Several other lines of evidence support the suggestion that core cells are involved in
synchronization and entrainment of SCN oscillators. Intercellular signaling through VIP and
its receptor VPAC2 is critical in maintaining the synchrony of SCN cellular oscillators and
circadian function within the SCN (Aton et al. 2005; Maywood et al. 2006). In addition,
GRP cells are retinorecipient, they communicate with cells in the shell region through GRP
receptors, and they function to keep SCN neurons synchronized during entrainment
(McArthur et al. 2000; Aida et al. 2002; Karatsoreos et al. 2004; Antle et al. 2005).

Gating of light in the core—One of the fundamental features of circadian oscillation is
that resetting by environmental signals depends on the phase at which the stimuli are
applied. Thus, a light pulse applied in the early night (or early subjective night) produces
phase-delays, whereas the same stimulus presented during the late night (or late subjective
night) produces phase-advances. A light pulse applied during the day (or subjective day)
typically has little or no effect. This circadian gating of responsiveness (or sensitivity) to
photic stimulation is a central feature of all current models of entrainment, yet the
underlying mechanisms are not known.

Several lines of evidence suggest that diurnal and circadian gating occur at the level of SCN
neurons. Electrical stimulation of the RHT causes light-like changes in the circadian system
with phase shifts at night but not during the day in both behavior (de Vries et al. 1994) and
electrical activity in vitro (Shibata and Moore 1993). Similarly, light-induced clock gene
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expression occurs at night or subjective night but not during subjective day (Shigeyoshi et
al. 1997). It appears that part of the gating mechanism involves N-methyl-D-aspartic acid
(NMDA) receptors on SCN neurons. Application of NMDA causes light-like phase-shifts of
the circadian rhythm in neuronal activity in the SCN in vitro (Ding et al. 1994; Shibata et al.
1994). The NMDA component of the evoked excitatory response is larger at night than
during the day (Pennartz et al. 2001), and the circadian system gates the magnitude of
NMDA-induced currents and Ca2+ transients (Colwell 2001). A hindrance in understanding
these gated responses lies in our ignorance of which SCN neurons are involved.

Calbindin-containing cells of the hamster SCN receive direct RHT input (Bryant et al. 2000)
and may participate in the gating of photic input. There is a circadian rhythm of subcellular
localization of calbindin; whereas the protein is detected at all times in the cytoplasm, it is
low or absent in the nucleus during the night. Under normal circumstances, light-induced
behavioral phase-shifts and Period (Per) gene expression in the SCN occur only during the
subjective night. Surprisingly, after administration of calbindin antisense
oligodeoxynucleotides, both behavioral phase-shifts and light-induced Per are blocked
during the subjective night and enhanced during the subjective day (Hamada et al. 2003).
This evidence suggests that in hamsters, calbindin-containing cells of the SCN may
participate in photic gating.

The core is important in gating-light responsiveness, but information from photic signals
must reach the shell if phase-shifts are to occur. After an acute light exposure, induction of
the clock genes Per1 and Per2 initially occurs in the ventrolateral/core SCN and then
spreads into the dorsomedial/shell region, with the exact pattern depending on the timing of
light exposure (Yan and Silver 2002). During the delay zone of the phase-response curve, a
light pulse induces both mPer1 and mPer2 in the core, but only mPer2 expression spreads to
the shell. In contrast, during the advance zone of the phase-response curve, when light
causes advances of behavioral rhythms, a light pulse induces mPer1 in the core which then
spreads to the shell, but there is no significant induction of mPer2 (Fig. 4).

SCN Plasticity
Whereas the foregoing describes the SCN response to a light pulse, patterns of gene
expression within the SCN are also altered by exposure to various other lighting conditions,
including long versus short days, constant light, 12-hour days, and other artificial lighting
conditions. These phenomena point to the nature of the SCN circuitry underlying plasticity.

Spatiotemporal changes in various photoperiods—Regulation of clock gene
expression and neuronal activity in the SCN is dependent on the photoperiod (for review,
see Sumova et al. 2004; Johnston 2005). The durations of elevated clock gene expression
and neuronal activity are expanded in long photoperiods but compressed in short
photoperiods. Electrophysiological data show that in freely moving mice, rhythms in SCN
multiunit activity (MUA) (high during subjective day) become compressed in short days and
more distributed in long days, and these changes persist even after animals have been
transferred into constant darkness (VanderLeest et al. 2007). Corresponding changes are
observed in vitro in SCN slices taken from animals under these conditions (Mrugala et al.
2000; Inagaki et al. 2007; VanderLeest et al. 2007).

A model of two separate, but mutually coupled, circadian oscillators has been proposed to
explain photoperiodic responses of behavioral rhythms in nocturnal rodents: an evening
oscillator, which drives the activity onset and entrains to dusk, and a morning oscillator,
which drives the end of activity and entrains to dawn (Pittendrigh and Daan 1976).
Measurements of clock gene expression indicate that circadian oscillation in the posterior
SCN is phase-locked to the end of activity, whereas oscillations of some cells in the anterior
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SCN are phase-locked to the onset of activity (Hazlerigg et al. 2005; Johnston 2005; Inagaki
et al. 2007).

Photoperiod also produces changes in the SCN core, acting on calbindin expression in the
core of hamster SCN. Calbindin expression is negatively correlated with the day length: The
number of calbindin-immunopositive neurons and calbindin mRNA levels are markedly
increased in hamsters exposed to short photoperiods (light:dark, 6:18). Thus, calbindin
neurons may be involved in the encoding of seasonal information by the SCN (Menet et al.
2003).

Spatiotemporal changes in response to constant light—In hamsters, constant light
causes “splitting” of circadian rhythms, such that a single daily bout of activity separates
into two components, 12 hours apart (Pittendrigh and Daan 1976), with antiphase circadian
oscillations of gene expression in the left and right SCN (de la Iglesia et al. 2000). Given the
functional heterogeneity of the SCN, in which ventrolateral but not dorsomedial neurons are
retinorecipient, we studied how the two compartments respond to the constant lighting
conditions that produce splitting. In the rostral and mid level of the hamster SCN, a region
containing AVP cells, levels of FOS and PER1 expression are high in one unilateral SCN
and low in the other, as previously reported (de la Iglesia et al. 2000). In addition, we found
a novel network of oscillators in the core SCN that was not recognized by previous studies
of split animals. In a core subregion of the caudal SCN, FOS and PER1 expression are high
at phases when expression levels in rostral and mid SCN (on the same side) are low (Fig. 5)
(Yan et al. 2005); i.e., the core and the shell regions within each SCN oscillate in antiphase.
This suggests that the two antiphase oscillators postulated to underlie splitting (Daan and
Berde 1978) may be the product of a new pattern of coherent rhythmicity in a newly
emergent SCN network.

Spatiotemporal changes in response to bimodal (7:5:7:5) light/dark cycles—
Desynchronized oscillations in different subregions of the SCN have also been reported
under other artificial lighting conditions. Bimodal (LDLD) lighting cycles, in which there
are two light periods and two dark periods in a 24-hour cycle, induce and entrain split
circadian activity rhythms in rodents (Gorman and Elliott 2003). Under such a lighting cycle
(LDLD 7:5:7:5), the mPer1 level in the core SCN is higher than in the shell during one of
the two light periods (morning photophase, M) and lower in the other light period (evening
photophase; E) (Watanabe et al. 2007). In contrast, the mBmal1 level in the core SCN is
lower than in the shell in the M phase and higher in the E phase. In yet another variation on
this theme, when housed in an 11:11-hour LD cycle, the ventral and dorsal regions of the rat
SCN show separate circadian oscillations in the expression of clock genes, with different
periods, that reflect two desynchronized components of locomotor activity (de la Iglesia et
al. 2004).

Gates and Oscillators in the SCN
The discovery that the SCN is composed of functionally distinct cells, differentiated by their
patterns of clock gene expression, forces a paradigm shift in understanding the cellular basis
of plasticity and coherent rhythmicity of the master circadian pacemaker. The observation
that SCN rhythmicity is not uniform or fixed, but it is plastic in the face of environmental
challenges, begs the question of its circuit organization. We now consider how SCN core
cells maintain phase synchronization in the oscillator tissue. Importantly, in the absence of
some mechanism of synchronization, oscillator cells with different periods will drift out of
phase with each other, resulting in a loss of circadian rhythm for the SCN as a whole,
despite the continuing oscillation of individual cells. Initial work on this problem centered
on the idea that the cells could maintain synchronization through direct cell-to-cell coupling
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(Liu et al. 1997; Kunz and Achermann 2003; Bernard et al. 2007) or global coupling through
a diffusible secreted factor (Garcia-Ojalvo et al. 2004; Gonze et al. 2005). However, the fact
that the animal does not sustain circadian rhythms when the SCN core is ablated (LeSauter
and Silver 1999; Kriegsfeld et al. 2004b) suggests that such direct coupling among the
oscillator cells, if it has a role in synchronization, is not sufficient by itself to maintain
synchronization.

Antle et al. (2003, 2007) proposed an alternative model for the maintenance of
synchronization in SCN tissue, which gives a central role to the core cells acting as a “gate.”
The idea is that the core cells under certain conditions send a phase-resetting signal to the
shell oscillators. This signal retards the phase of shell oscillators with advanced phase and
advances the phase of shell oscillators with retarded phases, resulting in a reduction in the
phase dispersion of the shell oscillators. The resetting signal in this model is triggered either
by light or by a feedback signal (direct or indirect) from the circadian system. Computer
simulations demonstrate the effectiveness of this gating mechanism in maintaining shell
oscillator synchronization and show that the gating model is capable of explaining both
entrainment of the SCN to daily light variations (when the gate is triggered by light) and
free-running circadian behavior under conditions of constant darkness (when the gate is
triggered by feedback from the shell). These simulations also produce phase-response curves
to simulated light pulses that are similar to those observed in animals. The model makes the
testable prediction that in the absence of the core, the shell oscillators will drift out of phase,
much as is seen in peripheral tissues.

Spatiotemporal Oscillations in the SCN
Phase dispersion of SCN oscillators—It is not the case that in vivo, the SCN as a
whole has a single phase of clock gene expression (Fig. 6). Instead, each cellular SCN
oscillator has a characteristic phase, and the individual oscillators are temporally and
spatially organized within the nucleus. During a circadian cycle in vivo, the clock genes
Per1 and Per2 are first expressed in cells lying in the dorsomedial, periventricular part of
the SCN (near the third ventricle) and then spread out to the central region and finally to the
ventral region (Yan and Okamura 2002; Quintero et al. 2003; Yamaguchi et al. 2003).
Although the majority of the SCN cellular oscillators (~50–60%) have similar phases, others
do not (Quintero et al. 2003; Yamaguchi et al. 2003). Application of the protein synthesis
inhibitor cycloheximide (CHX) stops the molecular clock and sets the SCN neurons to the
same phase. However, once the CHX is removed, the cells gradually reestablish their
original phase relationships (Yamaguchi et al. 2003). This suggests that the phase
relationships among the cellular oscillators are an intrinsic property of SCN circuitry.

To examine more precisely the spatiotemporal dynamics of SCN oscillations, we performed
bioluminescence imaging of coronal SCN slices cultured from PER2::LUC mice, in which
the endogenous Per2 gene is replaced by a fusion of Per2 with the firefly luciferase reporter
(Yoo et al. 2004; Liu et al. 2007). This permitted real-time longitudinal monitoring of
rhythmic expression of the PER2::LUC fusion protein, with high spatial and temporal
resolution (~1 μm, 30 minutes), in various subregions of the SCN. Our most rostral or
caudal slices lacked an obvious core in the bioluminescence images (n = 2). In these “core-
less” slices, PER2::LUC expression was rhythmic but with low amplitude, and the relative
phasing of expression among SCN regions was not consistent over time.

In the coreless slice shown in Figure 7A, bioluminescence is initially elevated in the dorsal,
central, and dorsomedial SCN compared to other regions. Bioluminescence then expands to
the whole SCN slice before regressing back to the dorsal, central, and dorsomedial regions.
In the other core-less slice (not shown), at the trough time, there is more bioluminescence in
the center of the SCN than elsewhere; this increases and expands to the whole SCN slice and
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then regresses back to the center. These data are in accordance with the Per1-luc data of
Yamaguchi et al. (2003), who found that dorsal cells were no longer synchronous when
isolated from the ventral core SCN by a knife cut.

In our other SCN slices, which contained both core and shell (n = 3), we observed strong
PER2::LUC rhythms in all subregions, with relative phases that remained consistent over
several circadian cycles and across all slices (Fig. 7B). Previous studies have also found
differential phasing of cells in SCN slices. Quintero et al. (2003), using a Per1-GFP reporter
in acute slices, found that lateral cells tended to peak earlier than medial cells. Yamaguchi et
al. (2003), using a Per1-luc reporter in cultured slices, found a “dorsomedial-to-ventral
spread” of activation. Careful examination of our high-resolution data, using a PER2::LUC
reporter in cultured slices, revealed a more complex pattern. In each circadian cycle,
PER2::LUC bioluminescence appears first in a small dorsomedial region (dark blue) near
the third ventricle and then in lateral and ventromedial SCN (light blue, red). These three
regions of early activation delineate the most peripheral aspects of the SCN shell, the “outer
shell.” This is followed by a modest but widespread activation throughout the SCN (with
greater intensity in the shell than in the core) and, finally, a stronger activation of the central
“inner shell,” or “cap” (purple), just dorsal to the core. Overall, the weakest activation is in
the core (yellow). While activation is peaking in the cap (purple), other regions are gradually
declining in brightness. In contrast to this complex pattern of activation, the deactivation
phase is less complex and appears as a contraction toward the central cap, which is the last
area showing bioluminescence. However, we also observed a striking relationship between
the time of peak activation of these regions and their rate of deactivation: PER2::LUC
expression declines most gradually in the early-peaking outer shell and most steeply in the
late-peaking cap. In summary, there appears to be a complex wave of PER2::LUC activation
in a series of steps emanating from the most dorsomedial SCN, spreading ventrally in the
outer shell, and then centrally to the inner shell (cap); deactivation is simpler and entails a
contraction towards the central cap.

Longitudinal in vitro studies using luminescent reporters thus nicely complement our
extensive cross-sectional in vivo studies. The convergence of these studies indicates that
despite its relatively weak circadian oscillations, the core region is important for maintaining
an organized pattern of synchronized oscillations in SCN tissue, which has complex
spatiotemporal dynamics.

Space and Time in SCN Circuits: Tides and Waves
The emergent property of coherent oscillation in SCN tissue is not reducible to its cellular
elements alone. Mathematical models of coupling in multioscillator systems provide the
basis for understanding coherent oscillation of SCN cellular oscillators (Kuramoto 1975) but
lack a spatial dimension. The experimental evidence points to complex highly reproducible
spatiotemporal patterns of SCN activity on a circadian basis. The gate oscillator model treats
this problem at a high level of aggregation, distinguishing only the two main functional SCN
compartments (Antle et al. 2003, 2007). The phase-resetting function used to represent the
interaction of the gate and the oscillators summarizes what is a complex system of cell-level
interactions. In particular, the phase-resetting function of the gating model cannot represent
the temporal changes in individual oscillator states with respect to their connections in
space, i.e., the spatiotemporal dimension of the SCN between core and shell and within the
shell. Anatomically detailed studies of the SCN make it obvious that there is an orderly
spatial pattern of activity over the circadian cycle. Depending on which data one examines,
it appears that the spatial change can be described as either a wave (Figs. 6 and 7) (Yan and
Okamura 2002) or a tide (Figs. 7 and 8) (Hamada et al. 2004).
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Waves and tides are significantly different. A wave begins with the activation of one region
of oscillator cells, which continue their cycles as the adjacent region activates, continuing
progressively to the most distal region. In a wave, cells in the first activated region are the
first to deactivate, and all regions remain active for the same proportion of the cycle. In
contrast, in a tide, the population of cells in the first activated region are the last to
deactivate, so that this area is active for a longer proportion of the cycle than are other areas.
Waves and tides imply different underlying mechanisms of interoscillator interaction and
require different mathematical models. The distinction between waves and tides is important
because it reveals the spatiotemporal organization of the SCN oscillation, shows how its
functional connectivity arises from the SCN’s circuitry, and imposes constraints on the
analysis of SCN data derived from slices and single cells.

One way to visualize and model the spatial changes in the SCN is in the expression of AVP
mRNA. The data shown in Figure 8A indicate that expression starts in one region of the
SCN tissue, which activates neighboring cells, and these in turn activate their neighbors. But
the region of initial activity does not turn off, as one would expect if those cells continued to
advance their phase in a regular fashion, but remains active while the tide of activity spreads
to the whole SCN. In fact, it is the last activated regions of the SCN that are the first to turn
off, so that the region of activity retreats (like a tide) back to the initially active region,
which is the last to turn off. A similar tide of expression occurs in PER::LUC expression in
the SCN slice and is most obvious in the regression of bioluminescence to the “cap” (Fig.
7B). A testable implication of this pattern is that the population of cells in the initiating
region remain longer in the expressing phase of their cycle than do the last cells to be
activated. These observations suggest a simple, conceptual model of the circadian oscillation
of the SCN, based on the tidal rather than the wave approach. The gate (triggered either by
light or by a feedback signal) sends a (excitatory or inhibitory) signal to the oscillator cells.
In the case of an excitatory signal, the gate triggers the first group of oscillator cells, which
stimulates their expression. The first group of oscillator cells stimulates the next to express
AVP mRNA, and so on, continuing out to the furthest SCN region. But the expression of
mRNA in the second group of cells appears to slow down the oscillation of the first, so that
the first continues to express AVP mRNA until the second group stops expressing AVP
mRNA. The last group of cells have no neighbors to activate, nor to slow down their
expression, so they turn off first, allowing the next-to-last group of cells to turn off. In this
way, the AVP mRNA expression recedes back to the start point. If the effect of a
downstream activated group of cells is to slow, but not stop, oscillation in the upstream
cells, over a long “day,” the initial group of cells might actually start to turn off before the
ebbing tide reaches them.

Although there is no direct evidence for this type of inhibition by downstream cells, an
interaction of this kind could explain the observed tidal pattern of activation of the shell. Our
preliminary investigation shows that it is possible to create simple “cellular automata” that
oscillate over space in a tidal-like pattern similar to the SCN (Fig. 8B). These models require
that the cells be oscillators, but the connectivity of the system distorts the shapes of their
oscillations. The point is that the tidal mechanism needs to know whether the upstream cells
are starting up” or “closing down” in order to function. Because the model represents
connections as a directed graph, it is extremely flexible and scalable. It is possible to
represent tissue with many connections in complex three-dimensional configurations with
this approach. One prediction from this conceptual model is that bioluminescence imaging
of a sagittal section that retains the connectivity of the tissue in the rostrocaudal axis will
reveal a tidal pattern of cell activation, rather than wavelike patterns. Another testable
prediction is that this tide might be the product of increased dispersion of phase in cells of
one region compared to another; alternatively, it could be the result of some cells having a
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longer duration of gene expression than others. The focus of future research will be the
calibration of this model to experimentally observed spatiotemporal changes in the SCN.

OVERVIEW AND CONCLUSIONS
On the basis of anatomical, functional, and modeling studies, we propose that SCN circuit
organization is key to understanding oscillator synchrony and that the connectivity among
the functionally different neurons accounts for the coherent circadian expression pattern of
the nucleus and its role as a master pacemaker. The analyses of spatial and temporal changes
in SCN point to an important role for the core SCN region and indicate that the daily cycle
of SCN activity involves a signal that spreads and then retracts in a wave or tidal pattern,
such that the the “on” time of various oscillators is regionally organized. We further point to
an important role of cells in the core area for maintaining the orderly pattern of activity and
hypothesize that changes in the phase relationships among oscillator networks underlie the
ability of the SCN to measure time and to respond in a robust manner to its internal and
external environment.
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Figure 1.
Building the brain clock: A historical perspective. (A) An early depiction of the circadian
system involved a feed-forward mechanism with three components, namely, input, clock
mechanism, and output (Pittendrigh 1961; Eskin 1979). This simple heuristic captures
several key concepts of circadian timekeeping. (B) Delineation of the distinct core and shell
compartments of the SCN began the effort of identifying components of the clock in the
black box (Moore 1973; van den Pol and Tsujimoto 1985). Discovery that a diffusible signal
was sufficient to maintain coherent activity rhythms (Silver et al. 1996) led to the search for
such a signal. (C) In dispersed cell culture, individual SCN neurons show circadian rhythms
in their firing rate with different phases, suggesting that circadian oscillation is a property of
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individual SCN neurons, rather than an emergent network property (Welsh et al. 1995). (D)
The SCN is composed of functionally distinct cells. In addition to oscillator cells, some cells
in the “core” region lack detectable oscillation of clock gene expression and electrical
activity (Hamada et al. 2001; Jobst and Allen 2002; Karatsoreos et al. 2004). Cells of the
core and shell region each project to SCN targets sites (Abrahamson and Moore 2001;
Kriegsfeld et al. 2004a). (E) Photoperiod induces both temporal and spatial changes in the
circadian phase of oscillators within the SCN. In short photoperiod, the oscillators are
mostly in-phase; in long photoperiods, the phases of the oscillators change along the
rostrocaudal axis. (F) In the behaviorally split hamster, new networks of SCN oscillators are
seen under unusual environmental conditions. In the behaviorally split animal, the left and
right SCN are in antiphase, and within each SCN, the core and shell of each SCN is in
antiphase (Tavakoli-Nezhad and Schwartz 2005; Yan et al. 2005). (G) SCN network
organization may resemble a small-world network with mostly local connections between
nodes and with a few long-distance connections. On the other hand, it may consist of a
locally connected network in which signals spread slowly from one layer of cells to the next.
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Figure 2.
Anatomical organization of the SCN. (A) Distribution of the neuropeptides in the mouse
SCN reconstructed from data in Abrahamson and Moore (2001). (B) Schematic
summarizing the neuronal (gray line) and the hormonal (androgen, gray dots) input to the
core and shell SCN. (Dashed black line) Boundary of the core SCN. The core region
receives both hormonal and neural (retinal input, 5-HT from raphe and NPY from IGL)
inputs. The shell region receives GAL and TH afferent fibers. (C) Biotin-filled GRP cell in
the SCN core (Drouyer et al. 2005) and AVP cell into the shell (adapted from Pennartz et al.
1998). The GRP cell has an axon and dendrite extending into the shell.
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Figure 3.
Photomicrographs showing immunostaining of SCN sections through the rostrocaudal extent
of the SCN. (Column 1) Both Per1-GFP (green) and AVP (red) are colocalized in the shell
region; (column 2) GRP-GFP (green) cells occur in the core SCN but not in the shell region,
delineated by AVP (red); (columns 3 and 4) GRP (column 3) and VIP (column 4) fibers
project extensively throughout the SCN, obscuring visualization of GRP somata. In a GRP-
GFP transgenic mouse, GRP cell bodies can be visualized. (Data in column 2 is taken, with
permission, from Karatsoreos et al. 2004 [Society for Neuroscience].)
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Figure 4.
The photic response is gated in SCN. (A) After a light pulse at CT14, mPer1 is induced only
in the core SCN, whereas mPer2 is initially induced in the core and then spreads throughout
the SCN. This is correlated with a behavioral phase delay. (B) After a light pulse at CT22,
mPer1 is initially induced in the core and then spreads throughout the SCN. There is no
mPer2 induction. This is correlated with a behavioral phase advance. (C) After a light pulse
at CT19, both mPer1 and mPer2 are transiently induced in the core SCN, without spreading
into the shell. This produces no phase-shift. (Modified, with permission, from Yan and
Silver 2002 [Wiley-Blackwell].)
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Figure 5.
Constant light (LL) produces behavioral “splitting” (A) in which the animal’s single daily
bout of activity separates into two components, and the two component free-run until they
become stably coupled 12 hours apart. LL also induces antiphase oscillation within each
side of the SCN (B). PER1 is not uniform on either side of the SCN, but it is high in the left
shell and low in the left core. In contrast, PER1 is low in the right shell and high in the right
core. The asymmetry of the bilateral core and shell SCN was quantified in split animals
killed every 3 hours (C). The y axis is in log scale. Error bars indicate S.E. (Modified, with
permission, from Yan et al. 2005 [Society for Neuroscience].)
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Figure 6.
SCN organization: Temporal and spatial changes in clock gene expression. (A) Temporal
profile of clock genes Per1 (A) and Per2 (B) in the SCN (mouse, Takumi et al. 1998; rat,
Yan et al. 1999; hamster, Yamamoto et al. 2001). (B) Spatial changes of mPer2 expression
in mouse SCN. Representative photomicrographs showing digoxigenin in situ hybridization
signals of mPer2 at CT4, CT12, and CT16 from the rostral to caudal end of the SCN. At
CT4, mPer2 expression level is moderate in the rostral half and strong in the caudal half of
the SCN. At CT12, mPer2 expression is strong in the rostral half and moderate in the caudal
half. At CT16, mPer2 is moderate in the rostral half but very low in the caudal half of the
SCN. This indicates that the SCN oscillators are spatially and temporally organized.
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Figure 7.
Spatiotemporal order of PER2::LUC bioluminescence in cultured SCN slices of a wild-type
mouse. The time course of these changes, based on measurements of small SCN regions
(colored rectangle, each 15 × 50 μm), can be seen in the colored line drawings and
visualized in the associated image of slices. (A) Slice in the rostral SCN lacking a core; (B)
slice containing both a shell and a core. The presence of the core SCN within the slice is
based on the shape of the nucleus and optic tract and on the presence of a region of low-
amplitude or nondetectable clock gene expression.
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Figure 8.
In vivo evidence and tidal model of the SCN oscillator organization. (A) AVP mRNA
expression in hamster SCN detected by digoxigenin in situ hybridization. (B) Model
showing expanding tide of a signal that lasts longer in the dorsal aspect than in the ventral
aspect of the SCN. (A, Modified, with permission, from Hamada et al. 2004 [Wiley-
Blackwell].)
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