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In most animal species, a circadian timing system has evolved as a strategy to cope with 24-
hour rhythms in the environment. Circadian pacemakers are essential elements of the
timing system and have been identified in anatomically discrete locations in animals
ranging from insects to mammals. Rhythm generation occurs in single pacemaker neurons
and is based on the interacting negative and positivemolecular feedback loops. Rhythmicity
in behavior and physiology is regulated by neuronal networks in which synchronization or
coupling is required to produce coherent output signals. Coupling occurs among individual
clock cells within an oscillating tissue, among functionally distinct subregions within the
pacemaker, and between central pacemakers and the periphery. Recent evidence indicates
that peripheral tissues can influence central pacemakers and contain autonomous
circadian oscillators that contribute to the regulation of overt rhythmicity. The data
discussed in this review describe coupling and synchronization mechanisms at the cell and
tissue levels. By comparing the pacemaker systems of several multicellular animal species
(Drosophila, cockroaches, crickets, snails, zebrafish and mammals), we will explore general
organizational principles by which the circadian system regulates a 24-hour rhythmicity.
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1. Introduction
As a consequence of the rotation of the earth, light and
darkness alternate in a 24-hour fashion. Most organisms
throughout the plant and animal kingdom possess a circadian
timing system that allows them to cope with and anticipate
daily changes in their environment, such as nutrient avail-
ability or the presence of predators. Formany species, a central
circadian pacemaker has been identified in discrete regions in
or close to the brain. These include the suprachiasmatic nuclei
(SCN) in the hypothalamus of mammals (Ralph et al., 1990),
the retina of the marine mollusks Bulla gouldiana (Block and
Wallace, 1982) andAplysia californica (Jacklet, 1969a; Jacklet and
Geronimo, 1971; Jacklet et al., 1996), and the optic lobes of
cockroach, cricket and Drosophila (Page, 1982; Tomioka and
Chiba, 1984; Ewer et al., 1992; Frisch et al., 1994; Helfrich-
Förster, 1998). In the zebrafish, many cells and tissues may
contain circadian clocks, but no central pacemaker has been
identified (Cahill, 2002).

The discovery of Drosophila per mutants initiated the
investigationof themolecularmechanismsof circadianclocks.
It has now become clear that circadian rhythm generation is
based on molecular feedback loops, consisting of a number of
clock genes and their protein products. In Drosophila, for
example, transcription of the clock genes period (per) and time-
less (tim) is activated by a complex consisting of dCLOCK (dCLK)
and CYCLE (CYC) proteins. In turn, PER and TIM inhibit their
own transcription by binding to CLK/CYC. A feedback loop,
which comprises CLK/CYC and two other genes, vrille (vri) and
PAR domain protein 1 (Pdp1), regulates the rhythmic expression
of dClk (see for review, Stanewsky, 2002; Allada, 2003). Similarly
inmammals, transcriptional and posttranscriptional feedback
loops are presumed as the basis of circadian rhythm genera-
tion. The positive limb of this loop is formed by transcription
factors BMAL1, CLOCK and NPAS2. Heterodimers of these
proteins (BMAL1-CLOCK or BMAL1-NPAS1) activate transcrip-
tion of components of thenegative limbof the loop, suchas the
clock genes Period (Per) and Cryptochrome (Cry). As PER and CRY
protein levels accumulate they can form heterodimers which
attenuate CLOCK/BMAL1- and CLOCK/NPAS1-induced tran-
scription of Per and Cry. As a consequence PER and CRY levels
decrease, their autorepression ceases and a new cycle of Per
and Cry transcription can start. At the same time, CLOCK–
BMAL1 activates and PER and CRY inhibit the transcription of
REV-ERBα, which is a member of the retionic acid orphan
receptor (ROR) family. Through binding to Rev-erb/ROR ele-
ments on the promotor region of the Bmal1 gene, REV-ERBα
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inhibits Bmal1 and thereby linking the positive and negative
limbs of the loops. This link is completed by another ROR
protein, Rora, which also can bind to the Rev-erb/ROR
elements, but is a strong activator of Bmal1 transcription.
Togetherwith REV-ERBα, Rora seems to be required for normal
circadian expression of BMAL1 and stability of circadian
rhythms in behavior (Sato et al 2004; see for review, Reppert
and Weaver, 2002; Lowrey and Takahashi, 2004). Posttransla-
tional mechanisms, such as protein phosphorylation, play an
additional role in rhythmgenerationandperioddetermination
in probably all species.

While the molecular basis of the circadian system is now
largely understood and seems remarkably conserved among
species, the neurophysiological and system-level properties
have received less attention. For instance, the presence of a
circadian oscillator (i.e. a structure with an endogenous ability
to generate circadian oscillations) does not explain its ability
to function as a circadian pacemaker (i.e. to drive rhythmicity
in other structures). To act as a bona fide pacemaker, the
oscillator must provide a reliable and unambiguous output
signal that is transferred to other parts of the body. To gain
adaptive value, the phase of the circadian rhythms should be
synchronized to the environment, which requires input from
photo-transductive systems. The amplitude of a rhythm
should be sufficiently large to drive an activity at one phase
of the cycle and silence the organism at another phase. A
decrease in amplitude and the adverse effects on activity and
sleep are seen in aged animals and humans, which empha-
sizes the importance of this parameter.

While period, phase and amplitude are fundamental
properties of oscillating systems, additional attributes need
be addressed. Given the heterogeneity within the central
pacemaker structures, it is remarkable that a uniform and
reliable timing signal is generated with extraordinary preci-
sion, often deviating by only a few minutes a day. The clock
also exhibits considerable plasticity in period andwaveform in
response to the previous environmental conditions, such as
long and short daylengths. All such ‘canonical’ attributes are
essential for the effective functioning of the system, and the
question arises at what level of organization within the organ-
ism the various circadian properties emerge. Only recently has
it become apparent that some attributes emerge from interac-
tions or coupling within and among neuronal networks.
Coupling occurs at many levels of organization, for example
among single cell oscillators, among groups of synchronized
single cell oscillators, and between the clock and target areas.
The notion that different properties of the circadian system
arise at distinct levels of organization within the animal is of
conceptual interest and of immediate importance for the
investigation of the underlying mechanisms.

Research on the circadian system has benefited from the
steady progressmade in understanding themolecular basis of
circadian rhythm generation as well as from the knowledge
about the location of the circadian pacemakers in many
species of animals. The present review focuses on the progress
made in understanding circadian rhythms at the tissue level,
including responsiveness to environmental stimuli, periph-
eral signals from the body, and signals from other parts within
the clock. Taking advantage of a comparative analysis, we
have included a number of animal species, namely fruit flies,
crickets, cockroaches, snails, zebrafish and mammals. By
comparing the pacemaker structure, coupling pathways and
interaction with peripheral signals, we will attempt to identify
general principles of organization. Specifically, we will eval-
uate to what degree network properties contribute to the
characteristics of the circadian timing system.
2. Drosophila

Drosophila pseudoobscura and Drosophila melanogaster are two of
the most intensively studied organisms in circadian rhythm
research. Efforts to identify the anatomical location of the fly
pacemaker were aided by the discovery of three different
mutants of D. melanogaster that displayed arrhythmicity or an
alteration in period length of eclosion and locomotor activity
rhythms. These phenotypes all resulted from mutations of a
single gene, called period (per) (Konopka and Benzer, 1971).
Transplantation of the brains of short periodmutant flies (pers)
into the abdomen of arrhythmic per0 flies induced character-
istic short period circadian rhythmicity in the behavior of the
per0 hosts (Handler and Konopka, 1979). The presence of
rhythmicity in the per0 behavior was not induced by the trans-
plantation procedure itself, since transplantation of per0 brains
into the abdomen of per0 hosts did not result in circadian pat-
terns in behavior. The indication for a pacemaker in the Dro-
sophila brain was substantiated by a subsequent ‘mosaic
analysis’ study. In this study, the pers mutation was induced
in a subpopulation of cells that could be identified by specific
cuticle markers (Konopka et al., 1983). The behavioral activity
patternsof these flies correspondedwellwith thephenotype of
the head cuticle, which demonstrates that the focus of per in
controlling circadian activity patterns is in the brain. Subse-
quently, expression of per in a group of neurons called the
lateral neurons (LNs) was found to be sufficient for robust
circadian locomotor rhythmicity (Ewer et al., 1992; Frisch et al.,
1994). Most flies of the “disconnected” (disco) mutant strain of
Drosophila, which lack functional LNs, appeared arrhythmic
in their locomotor behavior under constant darkness. In the
occasionally observed rhythmic disco fly, one ormore LNswith
their projections were retained (Helfrich-Förster, 1998). Collec-
tively, these data indicate that the LNs are important for the
expression of circadian rhythms in Drosophila behavior.

Two major subtypes of LNs are present in the Drosophila
brain: the ventral lateral neurons (LNvs) and the dorsal lateral
neurons (LNds) (Fig. 1). A large number of LNs project to the
accessory medulla, an area located at the base of the medulla
that is thought to house circadian pacemaker function in
insects (Helfrich-Förster, 2004; Helfrich-Förster et al., 2007).
The LNvs, but not the LNds, are immunoreactive to the peptide
pigment dispersing hormone (PDH) (Helfrich-Förster, 1995).
PDHs are a family of octadecapeptides, which were first iso-
lated from crustacean species. Pigment dispersing factor (PDF)
is the insect homologue of PDH, and is called pigment dis-
persing factor because its function in insects is not yet clearly
defined (see e.g. Helfrich-Förster and Homberg, 1993; Saifullah
and Tomioka, 2003). The receptor for PDF was recently
identified in three independent studies (Hyun et al., 2005;
Lear et al., 2005; Mertens et al., 2005). Most flies with PDF cell
ablations and flies that carry a null-mutation of the pdf gene



Fig. 1 – Location of the different types of clock cells in the
Drosophila brain. s-LNv = small ventral lateral neurons,
l-LNv = large ventral lateral neurons, LNd = dorsal lateral
neurons. DN1, DN2, and DN3 are three subsets of dorsal
neurons. (Modified from Helfrich-Förster, 2003, with the
author's permission). Microscopy Research & Technique, 62
(2), 2003, 94–102. Copyright (2003,Wiley-Liss, Inc.). Reprinted
with permission of Wiley-Liss, Inc., a subsidiary of John
Wiley & Sons, Inc.

Fig. 2 – Average distribution of the locomotor activity of
Drosophila during seven days under a light–dark cycle. White
and black bars indicate the activity during the light and dark
phase, respectively. The locomotor activity pattern is
bimodal, with anticipatory increases in activity before the
dark-to-light and the light-to-dark transitions. ZT = Zeitgeber
Time. (Modified from Taghert et al., 2001, copyright 2001 by
the Society for Neuroscience).
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are arrhythmic in constant darkness, which demonstrates the
importance of these neurons for locomotor rhythmicity and
suggests a role for PDF in their output (Rennet al., 1999; see also
Helfrich-Förster et al., 2000). Interestingly, individual LNvs of
pdf-mutant flies show persistent PER protein rhythms, but
desynchronize after several days in constant darkness. In
addition, the phase and amplitude of the rhythms in the LNds
are altered in these mutants. The data indicate that PDF-
induced synchronization between individual LNvs and PDF-
mediated signaling from the LNvs to the LNds are required for
the expression of rhythmic behavioral activity (Lin et al., 2004;
see also Peng et al., 2003). Hyperexcitation of the LNvs results in
a disruption of rhythmic PDF levels in dorsomedial terminal
projections, and in the occurrence of multiple components in
locomotor behavior, consistent with a synchronizing role for
PDF in theDrosophila circadian system (Nitabach et al., 2006; c.f.
Kula et al., 2006).

2.1. Control of morning and evening locomotor activity

Many strains of Drosophila express bimodal patterns of
locomotor activity in light–dark conditions, with a first com-
ponent around lights-on (morning component) and a second
around lights-off (evening component) (Fig. 2). Generally,
anticipatory behavior is present before the light-to-dark
and dark-to-light transitions. Under constant dark conditions,
some flies display unimodal activity rhythms, whereas the
behavior of others remains bimodal (Helfrich-Förster, 2000).
Different groups of pacemaker cells exert distinct functions in
controlling Drosophila locomotor rhythmicity. Flies in which
the PDF+ LNvs are removed by cell-specific ablation techniques
do not show lights-on anticipation, whereas lights-off antici-
pation is retained (Stoleru et al., 2004; see also Renn et al., 1999;
Blanchardon et al., 2001). Moreover, flies without CRY+PDF−

cells, which mainly comprise the LNds, do not show lights-off
anticipation (Stoleru et al., 2004). Correspondingly, per0mutant
flies in which PER is selectively expressed in LNvs show clear
morning, but not evening, anticipatory behavior (Grima et al.,
2004). In animals with PER expression in LNvs and LNds, both
morning and evening anticipations are present. Together,
these data suggest that the LNvs generate themorning activity
component of Drosophila, whereas the evening activity com-
ponent is mediated by the LNds and another group of neurons:
the dorsal neurons (DNs, see Fig. 1). Of note, only a subset of the
LNvs, the small LNvs (s-LNvs), control Drosophila locomotor
rhythmicity (Grima et al., 2004; Stoleru et al., 2005). The large
LNvs (l-LNvs) may be involved in an independent cellular
network, togetherwith theDN2neurons, the function ofwhich
is not entirely clear (Stoleru et al., 2005).

In constant light, wildtype flies become arrhythmic
(Konopka et al., 1989), while cryb mutant flies, which lack
cryptochrome as one of the light input factors, remain
rhythmic (Emery et al., 2000; Helfrich-Förster et al., 2001). At
sufficient light intensities, cryb mutant flies express two
activity components with different periods (Yoshii et al.,
2004). Immunohistochemical studies have shown that PER
expression in the LNvs of crybmutants correlateswith the short
period component in behavior (Yoshii et al., 2004). PER
expression in a dorsally located group of neurons, including
the LNds and the DNs, shows bimodal peaks, corresponding
with the long and short period components in behavior. A
more detailed analysis revealed that the short period compo-
nent is mediated by 4 s-LNvs, whereas the long period
component is mediated by one LNd cell and the 5th s-LNv cell
(Rieger et al., 2006). This corresponds largelywith the groups of
neurons that were shown to be involved in the control of the
morning and evening peaks of locomotor activity, respectively
(Grima et al., 2004; Stoleru et al., 2004), and suggests that these
neurons respond differently to (constant) light. By their ability
to trackdawnanddusk, the ‘morning’ and ‘evening’ cells play a
critical role in the adjustment of Drosophila behavior to the
changing photoperiods and switch control in long (summer)
and short (winter) days (Stoleru et al., 2007).

Some data indicate that the ‘morning’ s-LNvs are dominant
and are involved in the control of both the morning and
evening activities. In constant light, the short as well as the
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long period activity component of cryb mutants seem to
originate from the evening peak of locomotor activity (Rieger
et al., 2006), suggesting that the evening peak is controlled
also by the s-LNvs. Second, the period genotype of the
‘morning’ s-LNvs appears to determine the period of the entire
system, including both the morning and evening activity
components. The period genotype of the ‘evening’ cells, on
the other hand, is only reflected in the phase of the evening
activity peak (Stoleru et al., 2005). Whether the ‘morning’ cells
control evening locomotor activity directly, or indirectly via the
‘evening’ cells, remains to be determined (Taghert and Shafer,
2006).

2.2. Control of eclosion rhythms

One of the first reports suggesting the presence of multiple
circadian oscillators came in the late 1950s from Pittendrigh
and coworkers. They employed D. pseudoobscura as a model
system to study the rhythm in eclosion in populations of flies.
In a 12:12 light–dark cycle, eclosion of Drosophila occurs
approximately 3 h after lights-on (Pittendrigh and Bruce,
1959; Pittendrigh, 1965; Saunders, 1976). After initiation of
rhythmicity, eclosion is rhythmic under constant darkness
with a freerunning period that is close to 24 h (Skopik and
Pittendrigh, 1967; Saunders, 1976). Single light pulses affect the
phase of the eclosion rhythm and induce phase delays when
presented during the early night and phase advances when
applied during the late night. These light-induced phase shifts
do not reach their full magnitude immediately. Instead, the
magnitude of the phase shift increases in the course of several
cycles. During the transient cycles, no further light stimulation
is required, indicating that the magnitude of the steady state
phase shift is already set at the moment of the light pulse
(Pittendrigh et al., 1958). In order to explain these observations,
a model was proposed consisting of an A- and B-oscillator
(Pittendrigh et al., 1958). It was suggested that the A-oscillator
is sensitive to light and is immediately reset by it, but does not
directly control the eclosion rhythm. The A-oscillator controls
the B-oscillator, which is light-independent, temperature-
sensitive, has only a minor feedback on the A-oscillator and
is in direct control of eclosion.
Fig. 3 – Expression of PER-reporter in DrosophilaMalpighian tubu
PER expression shows a circadian rhythm. On the bottom of the
representing the subjective day. (FromHege et al., 1997 J. Biol. Rhy
reprinted by permission of Sage Publications Inc.).
The question arises whether the oscillators of the LNvs,
LNds and DNs, which play specific roles in the control of
locomotor rhythmicity, could also control eclosion rhythms.
Several genetic mutations affect eclosion and locomotor
rhythmicity in a similar manner (Konopka and Benzer, 1971;
Dushay et al., 1989, 1990; Konopka et al., 1991), but others do
not (Newby and Jackson, 1991, 1993; Wülbeck et al., 2005).
Differences in freerunning periods of locomotor behavior and
eclosion within D. pseudoobscura and D. melanogaster support
the involvement of different oscillator systems (Engelmann
and Mack, 1978; Sheeba et al., 2001). Moreover, the Drosophila
circadian system can be synchronized by light administered
during early developmental stages, when LNds and most DNs
are not yet developed (Brett, 1955; Sehgal et al., 1992; Kaneko
et al., 1997). Indeed, the LNs seem to be required, but are not
sufficient for the timing of eclosion (Blanchardon et al., 2001;
Myers et al., 2003). Cells of the prothoracic gland show a
rhythm in per-driven bioluminescence, which is directly
entrainable by light (Emery et al., 1997). Disruption of the
molecular clock in these cells interferes with eclosion rhyth-
micity,while locomotor rhythmicity in adult flies remains.One
model proposes that the LNvs secrete PDF and signal indirectly
to clock cells in the prothoracic gland, which subsequently
controls the timing of eclosion (Myers, 2003; Myers et al., 2003).
Note that this model shows conceptual similarities with the
A- and B-oscillator model. In conclusion, the circadian control
of eclosion and locomotor activity is dependent on partly ove-
lapping pacemaker systems.

2.3. Autonomous oscillators in the periphery

Rhythmic clock gene expression has been observed outside
Drosophila pacemaker structures, in cells of the nervous
system and in many areas outside the brain, such as the gut,
thorax and abdomen. These oscillations can continue for at
least several cycles in absence of the brain and the environ-
mental light–dark cycle (Fig. 3) (Siwicki et al., 1988; Zerr et al.,
1990; Hardin, 1994; Emery et al., 1997; Giebultowicz and Hege,
1997; Hege et al., 1997; Kaneko et al., 1997; Plautz et al., 1997;
Giebultowicz et al., 2000; Beaver et al., 2002). Transplanted
Malpighian tubules maintain their original phase, despite the
les under constant darkness. In both intact and headless flies,
figure, the light–dark regime is indicated, with shaded bars
thms 12 (4), pp. 300–308, copyright 1997 by Sage Publications,



Fig. 4 – Location of the cockroach and cricket circadian
pacemaker. Schematic drawings of the brain of the cockroach
(A) and the cricket (B), showing the lamina (La), medulla (Me)
and lobula (Lo) of the optic lobes. Black dots indicate the
accessory medulla, which is thought to house the circadian
pacemaker in cockroach and some cricket species.
(Modified from Helfrich-Förster et al., 1998, with the author's
permission). CHRONOBIOLOGY INTERNATIONAL by
Helfrich Forster et al. Copyright 1998 by Informa
Healthcare - Journals. Reproduced with permission of
Informa Healthcare - Journals in the format Journal via
Copyright Clearance Center.
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fact that the host flies were entrained to a reversed light–dark
cycle before transplantation, indicating a high degree of
autonomy (Giebultowicz et al., 2000). There are indications
that peripheral oscillators may function as circadian pace-
makers. Circadian rhythms in Drosophila egg-laying, for
example, are retained in animals that lack functional LNvs or
PDF, suggesting that this rhythm ismediated by neurons other
than the LNvs (Howlader et al., 2006). In addition, flies
expressing per only in the LNs are rhythmic in locomotor
behavior, but not in olfactory electroantennogram (EAG)
responses (Krishnan et al., 1999). Subsequent studies showed
that the presence of an intact genetic clock in the antennal
neurons is sufficient to drive circadian rhythmicity in
olfactory EAG responses (Tanoue et al., 2004). Olfactory beha-
vior may be mediated by peripheral oscillators as well, since
mutant flies that lack LNs or PDF are arrhythmic in their
locomotor behavior, whereas rhythms in olfactory behavior
persist (Zhou et al., 2005).

2.4. Conclusion

The data indicate that the two components of rhythmic
locomotor behavior are mediated by the s-LNvs on the one
hand and the LNds and possibly the DNs on the other, whereas
the gating of eclosion seems to be controlled by clocks in the
LNs and the prothoracic gland. Peripheral tissues of Drosophila
contain circadian oscillators, which can drive rhythmicity in
physiological parameters such as olfactory responses. Cou-
pling and synchronization among individual pacemaker cells
and among pacemaker centers involves PDF and is essential
for the expression of overt circadian rhythms.
3. Cockroaches and crickets

Most crickets and cockroaches show nocturnal behavioral
activity patterns (Leucophaea maderae and Periplaneta americana:
Roberts, 1960, 1962; Gryllus bimaculatus: Tomioka and Chiba,
1982; Gryllodes sigillatus: Abe et al., 1997; but see Sokolove,
1975a for Teleogryllus commodus). The main circadian pace-
maker controlling behavioral activity patterns is located in the
optic lobes (Fig. 4; cockroach: Nishiitsutsuji-Uwo and Pitten-
drigh, 1968; Page, 1982; cricket: Sokolove and Loher, 1975;
Tomioka and Chiba, 1984; Abe et al., 1997). The optic lobe
pacemakers are also crucial for the expression of rhythmicity
in cockroach electroretinogram amplitude and olfactory
responses as well as cricket stridulation and spermatophore
formation (Loher, 1974; Sokolove and Loher, 1975; Wills et al.,
1985; Page and Koelling, 2003; but see Chang and Lee, 2001).
Within the cockroach optic lobe, a small area, called the acces-
sory medulla, is innervated by a set of nearby PDH immunor-
eactive neurons (Homberg et al., 1991). Transplantation of the
accessory medulla with associated PDH immunoreactive
neurons restores circadian rhythmicity in optic lobe-ablated
cockroaches (Reischig and Stengl, 2003), suggesting that the
accessory medulla is the specific location of the cockroach
pacemaker and that PDH immunoreactive neurons act as
pacemaker cells.

Despite a number of interesting similarities between the
cricket circadian system and that of other insects (see for
review, Helfrich-Förster et al., 1998; Helfrich-Förster, 2004), no
general agreement exists on the specific location of its central
pacemaker. In some but not all cricket species, a group of PDH-
or PDF-immunoreactive neurons with projections into the
accessory medulla are thought to house the circadian pace-
maker (Tomioka and Chiba, 1984; Homberg et al., 1991; Abe
et al., 1997; Helfrich-Förster et al., 1998; Okamoto et al., 2001;
Lupien et al., 2003; Helfrich-Förster, 2004; Tomioka and
Abdelsalam, 2004).

Besides their putative role as pacemaker neurons, PDF
positive neurons are involved in output pathways of the optic
lobe pacemakers of the cricket and the cockroach and project to
several brain areas in both species (Homberg et al., 1991; Lupien
et al., 2003; Reischig et al., 2004). Finally, PDF appears important
to synchronize neurons of the accessory medulla in the
cockroach (Schneider and Stengl, 2005). The multiple functions
of PDF or PDF positive neurons in crickets and cockroaches
correspond with the observations in Drosophila, suggesting that
PDF plays a central role in insect circadian timing systems.

3.1. Bilaterally paired optic lobe pacemakers

Each single cockroach optic lobe is able to drive rhythmicity
(Sokolove, 1975b; Page et al., 1977; Wen and Lee, 2000), indi-
cating that both lobes contain an autonomous pacemaker.
Removal of one of the optic lobes, or isolation of one lobe
from the brain, results in an increment in the period of the
locomotor activity rhythm (Page et al., 1977), which suggests
that the two optic lobe pacemakers interact. Indeed, one eye
is sufficient to entrain both ipsilateral and contralateral optic
lobe pacemakers to environmental light cycles (Page et al.,
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1977) and phase changes induced by localized temperature
pulses are transmitted from one lobe to the other (Page, 1981).
Three PDH immunoreactive neurons and possibly one
orcokinin-immunoreactive neuron that connect both acces-
sory medullae are thought to play a role in coupling the
bilateral pacemakers (Reischig and Stengl, 2002; Reischig
et al., 2004; Hofer and Homberg, 2006a,b). Bilateral exchange of
photic information, on the other hand, may involve another
group of neurons, which are PDH-negative, light-responsive
and sometimes also orcokinin-immunoreactive (Loesel and
Homberg, 2001; Reischig et al., 2004; Hofer and Homberg,
2006a,b).

Similar to the cockroach, each of the cricket optic lobes is
able to drive rhythmicity in overt behavior (Loher, 1972) and
the freerunning period of locomotor behavior is changed by
removal of one of the optic lobe pacemakers (Okada et al.,
1991). Unilateral blinding and subsequent exposure to con-
stant light or light–dark cycles with a long, e.g. 26-hour, period
gives rise to the expression of two components in the
behavioral rhythms, each of which originates from one of
the optic lobe pacemakers (Fig. 5) (Wiedenmann, 1983;
Tomioka et al., 1991; Tomioka, 1993; Ushirogawa et al., 1997).
These data indicate that the bilateral pacemakers of the
cricket are only weakly coupled. A neural pathway, including
the large medulla neurons or medulla bilateral neurons, may
couple the bilaterally paired cricket pacemakers (Tomioka
et al., 1994; Yukizane and Tomioka, 1995). The coupling
pathway is modulated by PDF and serotonin (Saifullah and
Tomioka, 2002, 2003; Tomioka and Abdelsalam, 2004). As in
the cockroach, the transport of circadian and photic informa-
tion among the optic lobe pacemakers is differentially
mediated (Tomioka, 1993; Tomioka et al., 1994; Tomioka and
Yukizane, 1997). While the specific elements involved in
exchange of circadian information are unknown, a subset of
medulla bilateral neurons (MB-4) are thought to be involved in
Fig. 5 – Schematic representation of double plotted
actograms of cricket behavioral activity rhythms. Black bars
indicate the presence of behavioral activity. When crickets
are unilaterally blinded on the day of transfer from light–dark
(LD) to constant light (LL), the behavioral activity pattern
expresses two components that freerun with different
periods. Removal of the intact optic lobe (indicated by the
asterisk in A) results in disappearance of the behavioral
activity component with the long period, whereas removal of
the blinded optic lobe (indicated by the asterisk in
B) abolishes the short period component. This indicates that
the two behavioral activity components are mediated by the
two bilaterally located optic lobe pacemakers. (Based on Fig. 4
of Tomioka et al., 1991).
the transmission of photic information (Tomioka and Yuki-
zane, 1997; Yukizane et al., 2002).

3.2. Other oscillators in cockroaches and crickets

Several indications are present for the existence of oscillators
or pacemakers outside the optic lobes. For example, a
circadian behavioral rhythmicity component can be retained
after the removal of both optic lobes or after transection of the
optic stalks of the cricket (Tomioka, 1985; Stengl, 1995).
Moreover, crickets and cockroaches without optic lobes are
able to express daily rhythms in their behavior under the
influence of temperature cycles (Rence and Loher, 1975; Lukat
and Weber, 1979; Page, 1985; Abe et al., 1997). Lesion and
bisection studies have suggested a role for the pars intercer-
ebralis in circadian rhythmicity in both species (Roberts, 1966;
Nishiitsutsuji-Uwo et al., 1967; Nishiitsutsuji-Uwo and Pitten-
drigh, 1968; Sokolove and Loher, 1975; Helfrich-Förster, 2004),
but its relative contribution is unclear.

Few studies have investigated the presence of oscillator
structures outside the brain. Some have reported a continua-
tion of the rhythm in endocuticle growth in the cockroach
Blaberus craniifer (Blaberus fuscus) after removal of the optic
lobes or in isolated cultures of the cockroach leg (Lukat, 1978;
Weber, 1985, 1995), suggesting that independent peripheral
circadian oscillators exist in the cockroach.

3.3. Conclusion

Cockroaches and crickets share great similarities in their
circadian systems. Bilaterally located, mutually coupled, optic
lobe pacemakers regulate rhythmicity in most behavioral and
physiological processes. PDF neurons play a central role in the
cockroach and cricket circadian systems not only as pace-
maker neurons, but also in the regulation of output, coupling
and synchronization. While several studies point to the
existence of secondary brain oscillators in the cricket and
the cockroach, their importance in the control of rhythmicity
remains to be determined. Whereas coupling between the two
optic lobe pacemakers is stronger in the cockroach than in the
cricket, it appears to affect the freerunning period of locomo-
tor rhythms in both species. For cockroaches, there is evidence
that coupling between the bilaterally located pacemakers
contributes to photic entrainment.
4. Mollusks

The snails B. gouldiana and A. californica have been used
extensively in the study of circadian rhythmicity (see for
review, Block et al., 1993). A. californica is diurnal, whereas B.
gouldiana is active during the night (Kupfermann, 1968; Block
and Davenport, 1982). The main circadian pacemaker of Bulla
and Aplysia is located in the eye. From the optic nerve of an
isolated Bulla or Aplysia eye, a circadian rhythm in compound
action potentials (CAPs) can be recorded under constant
environmental conditions (Jacklet, 1969a; Block and Wallace,
1982). In Bulla, only a few cells at the base of the retina are
necessary for the CAP rhythm and it is thought that a group of
about 100 light-sensitive basal retinal neurons in each eye
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form the site of the Bulla circadian pacemaker (Block and
Wallace, 1982; Block and McMahon, 1984; Block et al., 1984).
Individual, dissociated basal retinal neurons display a circa-
dian rhythm in membrane conductance, providing first
evidence that rhythm generation is a single cell property of
Bulla basal retinal neurons (Michel et al., 1993). Similar to
Bulla, a group of neurons in the Aplysia retina is responsible for
the optic nerve CAPs. The Aplysia pacemaker neurons, which
are also referred to as neurosecretory or secondary cells, are
light-sensitive, are located close to the optic nerve and are able
to produce action potentials (Jacklet et al., 1982; Herman and
Strumwasser, 1984; Jacklet and Barnes, 1993; Jacklet et al.,
1996). Although it is uncertain whether individual pacemaker
neurons of Aplysia are able to generate circadian rhythms, the
available data indicate that they are the location of the Aplysia
circadian pacemaker.

Action potentials generated by Bulla andAplysia pacemaker
cells are synchronized with CAPs in a one to one fashion, and
thus fire in synchrony with one another. These findings
indicate that coupling mechanisms exist among individual
Bulla or Aplysia pacemaker neurons ( Jacklet et al., 1982; Jacklet
and Colquhoun, 1983; Block et al., 1984). Coupling is strong,
as hyperpolarization of one basal retinal neuron can result in
the inhibition of the entire population (Block et al., 1984).
Application of a high-magnesium/low-calcium solution,
which blocks chemical synapses, does not block CAPs ( Jacklet,
1973; Jacklet et al., 1982; Block et al., 1984), indicating that
couplingmechanisms among basal retinal neurons of Bulla, as
well as among Aplysia secondary or pacemaker neurons, are
electrotonic. This is supported by the presence of gap
junctions among neurons in the Aplysia and Bulla eyes
(Luborsky-Moore and Jacklet, 1977; Jacklet and Colquhoun,
1983) and of dye coupling among Bulla pacemaker neurons
( Jacklet, 1988).

4.1. Bilateral ocular pacemakers in Aplysia and Bulla

It has been well established that the bilateral ocular pace-
makers of Bulla are mutually coupled (Roberts and Block, 1983,
1985; Block et al., 1986; Page and Nalovic, 1992). Coupling of the
Bulla pacemakers is strong in that the eye rhythms remain in
phase for long durations of constant darkness and induction of
a phase shift in one eye is followed by gradual resynchroniza-
tion of both eyes (Roberts and Block, 1983, 1985). The coupling
pathway among the ocular pacemakers includes the cerebral
commissure and the optic nerves (Roberts and Block, 1985; see
also Lacroix et al., 1991) and the compound action potentials
may constitute the actual coupling signal (Block et al., 1986).
Theneurotransmitter used in this couplingpathway is likely to
be glutamate (Michel et al., 2000).

In contrast to Bulla, the bilateral circadian pacemakers in
Aplysia are onlyweakly coupled. The electrical impulse activity
from the two optic nerves of Aplysia is not well synchronized
(Roberts et al., 1987) and exposure to constant darkness
eventually results in out-of-phase rhythms in the bilateral
eyes of a single animal (Hudson and Lickey, 1980; Lickey et al.,
1983). This may explain their weak behavioral rhythms under
constant conditions (Kupfermann, 1968; Lickey et al., 1983).
Moreover, induction of a phase shift in one eye does not lead to
phase adjustments in the contralateral eye (Lickey et al., 1976;
Roberts et al., 1987). Roberts and Block (1983) has suggested
that the difference in coupling strength between Bulla and
Aplysia is related to these animals being nocturnal and diurnal,
respectively. For diurnal animals, strong pacemaker coupling
would be less important, since the daily exposure to environ-
mental lightmay be sufficient for pacemaker synchronization,
whereas nocturnal animals need strong couplingmechanisms
to avoid pacemaker desynchrony.

4.2. Modulation of the ocular pacemaker by extra-ocular
processes

Extra-ocular tissues affect the Bulla circadian pacemaker. For
example, the period of the impulse activity rhythm of the Bulla
eye, measured when the eye is isolated from the head ganglia,
is shorter than when the eye is attached (Page and Nalovic,
1992). In isolated eyes, after effects (i.e. longterm changes in
period) are more prominent than in eyes connected to the
cerebral ganglion (Page et al., 1997). Axons in the optic nerve
are immunoreactive for FMRF-amide and terminate near the
basal retinal neurons (Jacklet et al., 1987; Roberts and Moore,
1987). Application of FMRF-amide to the eye results in a de-
crease of CAP activity, induces phase shifts in the CAP rhythm
and modulates light-induced phase shifts (Jacklet et al., 1987;
Colwell et al., 1992). FMRF-amide affects the ocular circadian
system bymodulation of a delayed rectifier potassium current
and a second, yet unidentified, conductance, thereby regulat-
ing the excitability of the basal retinal neurons (Michel et al.,
2002). These data indicate that efferentmodulation of the Bulla
pacemaker may involve the action of FMRF-amide.

The Aplysia ocular pacemaker is also affected by other
tissues, since patterns of optic nerve impulse activity in
isolated eyes differ from those in attached eyes. Moreover,
eyes kept in vitro and in vivo exhibit different reentrainment
rates (Eskin, 1971) and differentmagnitudes of phase shifts are
observed in attached and isolated eyes upon transition fromLL
to DD (Prichard and Lickey, 1981). Serotonergic fibers project
from the cerebral ganglion to the eye in Aplysia (Olson and
Jacklet, 1985; Takahashi et al., 1989). Serotonin influences
i) potassiumcurrents in pacemaker neurons, ii) CAP activity, and
iii) the phase of the CAP rhythm, indicating a role of serotonin in
mediating the effects of the brain on the pacemaker neurons
(Corrent et al., 1978; Colwell, 1990; Barnes and Jacklet, 1997).

4.3. Extra-ocular pacemakers in Aplysia and Bulla

For both Aplysia and Bulla, there are indications that a
circadian oscillator outside the eyes mediates locomotor
behavior. Entrainment of Bulla to different photoperiods, for
example, reveals that the phase relationship among the
behavioral rhythm and the rhythm in ocular action potentials
changes with alterations in daylength (Roberts and Xie, 1996).
Moreover, the amplitude of freerunning Aplysia behavioral
rhythms and the phase difference across the ocular rhythms
do not correlate significantly in all cases (Lickey et al., 1983;
Jordan et al., 1985). Finally, after the removal of the eyes or
section of the optic nerves, freerunning locomotor rhythms of
Bulla and Aplysia can persist for several days in constant
darkness (Block and Lickey, 1973; Lickey et al., 1976, 1977, 1983;
Block and Davenport, 1982). Also other functions may be
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controlled by extra-ocular pacemakers, since the rhythm in
longterm memory formation of Aplysia persists in eyeless
animals (Lyons et al., 2006).While indications exist for a role of
the cerebral ganglia as part of the Aplysia circadian system
(Roberts and Block, 1982), the exact location of extra-ocular
oscillators or pacemakers in Aplysia and Bulla, their relative
importance in the control of overt rhythmicity and the
mechanisms by which they affect behavior and physiology
remain to be determined.

4.4. Conclusion

Circadian pacemakers of both Aplysia and Bulla are located in
the eyes close to the optic nerve. Individual basal lateral
neurons or pacemaker neurons within one eye are electrically
coupled to one another. Bilateral coupling mechanisms are
present between the two retinal clocks and are strong in Bulla
and weak in Aplysia. The cerebral ganglion affects optic nerve
CAP rhythms, which suggests the presence of coupling
mechanisms between the central nervous system and the
retinal pacemakers. More research is required to establish the
location and role of extra-ocular pacemakers.
5. Zebrafish

Only recently has the field of circadian rhythm research
focused attention on the zebrafish (Danio rerio) as a simple
model system to study circadian rhythmicity in vertebrates
(see for review, Cahill, 2002). Most zebrafish display behavioral
rhythms in light cycles and in constant conditions, with the
majority of activity being expressed during the day or the
extrapolated light phase (Hurd et al., 1998). These rhythms are
regulatedby a temperature compensated circadian clock (Hurd
et al., 1998), but no central, master pacemaker has been
identified yet (e.g. Cahill, 2002; Tamai et al., 2003). The pineal
and the retina release melatonin in culture, the pineal
producing robust melatonin rhythms for at least five cycles
in constant darkness (Cahill, 1996). In both the eye and the
pineal, the clock genes zfClock, zfBmal1 and zfBmal2 are
expressed in a rhythmic manner (Whitmore et al., 1998;
Cermakian et al., 2000). Interestingly, many other tissues in
the brain and in the periphery show robust rhythms in gene
expression as well (Whitmore et al., 1998; Cermakian et al.,
2000; Kaneko et al., 2006). In culture conditions, peripheral
tissues remain rhythmic and are directly entrainable by light–
dark conditions (Whitmore et al., 2000; Kaneko et al., 2006).
Rhythmicity has also been observed in zebrafish cell lines
under light–dark conditions. In constant darkness, however,
rhythmicity dampens over the course of several cycles
(Whitmore et al., 2000; Pando et al., 2001; Carr and Whitmore,
2005). Thiswas shown to result fromdesynchronization across
rhythmic single cells that express a wide range of periods.
Zebrafish cells are intrinsically light-responsive. Light resets
the cells to a common phase and reduces the range of periods
that is expressed. It was suggested that peripheral zebrafish
clocks do not need high precision, as they are strongly affected
by daily light (Carr and Whitmore, 2005). The available data
indicate that many zebrafish tissues contain independent,
autonomous and light-sensitive circadian clocks.
6. Mammals

6.1. Multiple coupled single cell oscillators in the SCN

Rodents, such asmice, rats and hamsters, are themost widely
used species in the study of the circadian timing system of
mammals. The main pacemaker responsible for mammalian
circadian rhythms is located in the bilaterally paired supra-
chiasmatic nuclei (SCN) at the base of the hypothalamus
(Moore and Leak, 2001). Several experimental approaches have
been helpful in the search for the anatomical location of the
circadian pacemaker. Lesion studies provided first evidence
that the mammalian SCN is important for rhythms in
drinking, locomotor activity and adrenal corticosterone
(Moore and Eichler, 1972; Stephan and Zucker, 1972). Subse-
quent transplantation studies, in which the SCN of tau-
mutant hamsters (i.e. hamsters carrying a mutation that
induces a shortened period) or wildtype hamsters was
transplanted into the third ventricle of SCN-lesioned ham-
sters, revealed that the period of the restored rhythm reflects
the genotype of the donor rather than that of the host.
Importantly, these findings indicate that characteristics of
circadian behavior are determined by the SCN (Ralph and
Menaker, 1988; Ralph et al., 1990).

The SCN contains about 8000 neurons on each side (van
den Pol, 1980). Individual dissociated SCN neurons express
circadian rhythms in spontaneous electrical impulse fre-
quency (Welsh et al., 1995; Liu et al., 1997; Herzog et al., 1998;
Honma et al., 1998b, 2004; Nakamura et al., 2002; Herzog et al.,
2004; Aton et al., 2005). The cell-autonomous nature of
circadian rhythmicity results in the presence of multiple,
autonomous single cell circadian oscillators. In dispersed cell
cultures, rhythmicity is generally obtained in 50–75% of SCN
cells. In SCN slices, however, in which tissue architecture is
better preserved, this percentage is ∼75–100% (Welsh et al.,
1995; Liu et al., 1997; Herzog et al., 1998, 2004; Honma et al.,
1998b, 2004; Nakamura et al., 2002; Quintero et al., 2003;
Yamaguchi et al., 2003; Ohta et al., 2005; Aton et al., 2005). This
suggests that, in the intact SCN, rhythmicity in some cellsmay
be driven by rhythmic neighboring cells.

Individual, dissociated SCNneurons showa largevariability
in period length (Liu et al., 1997; Herzog et al., 1998, 2004;
Honma et al., 1998b, 2004) and cells are independently phased
(Welsh et al., 1995). In SCN slices, on the other hand, the period
distribution of individual neurons is more narrow (Herzog
et al., 1998; Honma et al., 2004) and most subpopulations of
neurons express rhythms in electrical activity and clock gene
expression that peak during the day (Quintero et al., 2003;
Schaap et al., 2003). This suggests that intercellular commu-
nication synchronizes SCN cells, leading to the extraordinary
precision that is commonly observed in behavioral rhythms
(Fig. 6; Herzog et al., 2004).

Intercellular coupling is essential to synchronize SCN
neurons (Liu et al., 2007). Multiple mechanisms have been
proposed for coupling across SCN neurons (for review, see
Michel and Colwell, 2001; Aton andHerzog, 2005), one of which
is vasoactive intestinal polypeptide (VIP). VIP- and VIP
receptor-deficient mice have abnormal behavioral activity
rhythms in constant conditions (Harmar et al., 2002; Colwell



Fig. 6 – Comparison of period length distribution.
Distribution of the period lengths of the rhythms in A) wheel
running activity of individual mice, B) Per1-luc
bioluminescence measured from cultured SCN explants and
C) spontaneous firing rate of single SCN neurons. The
average period (±standard deviation) is indicated in the
individual panels and is similar for mice, explants and
neurons. The period distribution, however, is broader for
single SCN neurons than for explants and mice.
(From Herzog et al., 2004. J. Biol. Rhythms, pp. 35–46,
copyright 2004 by Sage Publications, reprinted by permission
of Sage Publications Inc.).

Fig. 7 – Individual SCN cells remain rhythmic after longterm
exposure to constant light. A) Double plotted actogram of
wheel running activity of amouse under constant light. Black
marks indicate the presence of wheel running activity. The
animal gradually loses rhythmicity after longterm exposure
to constant light. B) The Per1:GFP fluorescence signal from the
SCN of an LL-arrhythmic mouse shows disrupted
rhythmicity with a very low amplitude. C) The Per1:GFP
fluorescence signals of individual SCN cells from the SCN of
Fig. 7B show strong rhythms with high amplitudes, but a
large distribution of phase. (From Ohta et al., 2005,
reprinted by permission from Macmillan Publishers Ltd: Nat
Neurosci 8 (3), pp. 267–269, copyright 2005).
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et al., 2003). Circadian rhythms in firing rate and clock gene
expression are abolished in a substantial part of individual
SCN neurons of VIP- and VIP receptor-deficient mice, and
rhythmic SCN neurons in these mice are desynchronized. It is
suggested, therefore, that VIP and its receptor are required to
maintain circadian rhythmicity in a subset of SCN neurons, as
well as to maintain synchrony among neurons that remain
rhythmic without VIP (Aton et al., 2005; Maywood et al., 2006).
Synchronization among SCN neurons also involves Na+-
dependent action potentials and GABA (Honma et al., 2000;
Liu and Reppert, 2000; Shirakawa et al., 2000; Yamaguchi et al.,
2003). In addition, coupling within the SCN may occur via gap
junctions. This is suggested by the observations that dye
coupling in the SCN can be blocked by the gap junction blocker
halothane (Colwell, 2000) and that electrical coupling can be
blocked by deletion of the gene for the gap junction protein
connexin 36 (Long et al., 2005). Gap junctions may be
important for short-distance coupling and less so for coupling
across regions (Colwell, 2000; Albus et al., 2005; Long et al.,
2005), while GABA, on the other hand, transmits information
between the dorsal and ventral SCN (Albus et al., 2005).
6.1.1. Behavioral arrhythmicity induced by desynchronized
single cells
Longterm exposure to constant light may lead to behavioral
arrhythmicity (Pittendrigh and Daan, 1976; Daan and Pitten-
drigh, 1976b). In the SCN of LL-arrhythmic animals, rhythms in
Per1-promotor driven GFP fluorescence and PER2 protein
expression are severely disrupted (Fig. 7; Beaulé et al., 2003;
Amir et al., 2004; Ohta et al., 2005). Individual SCN neurons, on
the other hand, are robustly rhythmic in Per1:GFP, but the
rhythms show large differences in phase (Fig. 7; Ohta et al.,



Fig. 8 – Coding for daylength. A) In vitro multiunit electrical
activity recordings of the SCNofmice thatwere housed under
short and long daylengths. Gray shading indicates the dark
period of the previous light–dark cycle. ExT = external time,
with ExT 12 = midday. Peak width of SCN population activity
is narrow for animals taken from a short day and broad for
animals from long days. B) Average SCN single unit activity
patterns for short days and long days, centered with peak
activity at time zero. Note that the single unit activity patterns
of mice from short and long daylengths are similar and
cannot explain the difference in population patterns.
C) Circular 24 h plots of the distribution of electrical activity
peak times of small subpopulations (▷, less than 5 neurons)
and large multiunit populations (○). In long days, the
distribution of small subpopulation peak times is
significantly broader than in short days (Quartiles, χ2 test,
p=0.04). This indicates that the difference in population
patterns under short and long daylengths is a consequence of
an altered phase distribution of small subpopulations
(Modified from VanderLeest et al., 2007. This article was
published in Curr. Biol. 17, VanderLeest et al., Seasonal
encoding by the circadian pacemaker of the
SCN. pp. 468–473, copyright Elsevier 2007).
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2005). The data suggest that the molecular clock in individual
cells functions normally under LL and that the behavioral
arrhythmicity is caused by desynchronization among rhyth-
mic pacemaker cells.

6.1.2. Coding for daylength: single cell or population
response?
In the course of the year, several environmental conditions,
such as food availability and temperature, vary substantially.
The SCN is strongly involved in the adaptation to these
seasonal changes (see Schwartz et al., 2001) and uses the
change in daylength or photoperiod to estimate the time of
year. Photoperiod-dependent changes have been observed in
the rhythm in spontaneous and light-induced Fos expression
(Sumová et al., 1995, 2000; Vuillez et al., 1996; Jáč et al., 2000b),
in arginine vasopressin expression (Jáč et al., 2000a) and in
prokineticin 2 expression (Cheng et al., 2005). Moreover, the
multiunit electrical activity pattern in the SCN is photoperiod-
dependent (Jagota et al., 2000;Mrugala et al., 2000; Schaapet al.,
2003) and the duration of the peaks in the expression of clock
gene Per1 and Per2mRNAand PER1 protein is longer under long
than under short daylengths (Messager et al., 1999; Steinlech-
ner et al., 2002; Sumová et al., 2002, 2003; Carr et al., 2003;
Johnston et al., 2003; Tournier et al., 2003; de la Iglesia et al.,
2004b). The expression patterns of the clock genes Per3, Cry1,
Cry2, Clock and Bmal1 show changes in phase, duration or
amplitude (Carr et al., 2003; Sumová et al., 2003; Tournier et al.,
2003).

It has been proposed that the observed photoperiodic
changes in the SCN result from alterations in the phase
relationship across multiple single cell oscillators, rather
than from changes within single cells (Schaap et al., 2003;
Rohling et al., 2006). Actual subpopulation and single unit
recordings inmice fromshort and longdays confirmed that the
individual electrical activity patterns do not significantly
change in long and short days. Instead, the phase distribution
increases with longer daylength, resulting in a broadening of
the electrical activity waveform in long days (Fig. 8; Vander-
Leest et al., 2007). Molecular studies found regional differences
in the response to long and short days. Clock- and clock-
controlled gene expression patterns show large phase changes
in the caudal SCN, whereas the rostral SCN shows relatively
small responses (Hazlerigg et al., 2005). Also single cell Per1-luc
activity recordings indicated a different response in the
anterior and posterior SCN to a change in daylength (Inagaki
et al., 2007). One anterior population of cells correlates with
activity onsetwhereas the posterior population correlateswith
offset of activity. Together, the data support the idea that
photoperiodic encoding is a consequence of the structural
heterogeneity within the SCN (Schaap et al., 2003; Hazlerigg
et al., 2005; Rohling et al., 2006; Inagaki et al., 2007; VanderLeest
et al., 2007).

6.2. Regional differences within the SCN

Multiple functional subdivisions have been observed within
the SCN of many mammalian species (Morin and Allen, 2006).
An important distinction has been made between the
dorsomedial (shell) and the ventrolateral (core) parts of the
SCN (van den Pol, 1980). In general, the core contains cells that
are immunoreactive for vasoactive intestinal peptide (VIP) or
gastrin releasing peptide (GRP). Cells in the shell typically
contain vasopressin (VP) or somatostatin (Fig. 9; Card and



Fig. 9 – Regional differences within the SCN. Photographs
showing the distribution of VIPergic (left) and VPergic (right)
neurons in the rat-SCN. VIP positive neurons are mainly
located in the ventrolateral SCN (vlSCN), whereas the
dorsomedial SCN (dmSCN) contains many VP positive
neurons. OC = optic chiasm, III = third ventricle, bar=50 μm.
(From van Esseveldt et al., 2000. This article was published in
Brain Res. Reviews 33, van Esseveldt et al., The
suprachiasmatic nucleus and the circadian time-keeping
system revisited. pp. 34–77, copyright Elsevier 2000).
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Moore, 1984; Aïoun et al., 1998; Abrahamson and Moore, 2001;
Moore et al., 2002). A specialization of the core and the shell
exists also for the organization of afferent and efferent
projections. The hypothalamus and limbic forebrain mainly
project to the shell, whereas projections from the intergeni-
culate leaflet, raphe nuclei and the retina terminate predomi-
nantly in the core of the SCN (Moore and Lenn, 1972; Card and
Moore, 1984; Moga and Moore, 1997; Leak et al., 1999;
Abrahamson and Moore, 2001). The retinohypothalamic
tract, which conveys photic information to the SCN, will be
discussed separately (see Entrainment by light). Efferent
projections to the lateral sub-paraventricular zone (sPVZ)
originate from the SCN core, whereas the SCN shell projects
to the medial sPVZ and the DMH (Leak et al., 1999). The direct
projections from the SCN to target brain areas are believed to
be the first steps of more complex pathways that eventually
regulate rhythmicity in the brain and the periphery (Aston-
Jones et al., 2001; Bartness et al., 2001; Kalsbeek and Buijs,
2002; Buijs et al., 2003; Deurveilher and Semba, 2005).

The two major SCN regions show differences in phase and
period (Noguchi et al., 2004; Nakamura et al., 2005). Moreover,
under constant conditions, the amplitude of the expression
rhythms of immediate early genes (e.g. c-Fos), neuropeptides
(e.g. vasopressin and VIP) and several clock genes differs
between the areas, which is most obvious in the rat-SCN. Al-
though some inconsistencies exist in the available data, it is
generally believed that the shell shows robust endogenous
expression rhythms, whereas rhythms in the core are damped
or absent (Takeuchi et al., 1992; Cagampang et al., 1994;
Nishiwaki et al., 1995; Guido et al., 1999; Ibata et al., 1999;
Schwartz et al., 2000; Yan and Okamura, 2002). Several single
unit electrical activity recordings have confirmed this distinc-
tion (Shibata et al., 1984a; Derambure and Boulant, 1994; Jiao
et al., 1999; Nakamura et al., 2001; Saeb-Parsy andDyball, 2003),
but multiunit electrical activity in both parts of the rat-SCN
slice, as well as the release of VIP and vasopressin, show robust
rhythmicity (Shinohara et al., 1994, 1995; Honma et al., 1998a;
Schaap et al., 2003; Albus et al., 2005). The cause of these
differences remains to be determined.

In the mouse, SCN tissue organization is somewhat
different from in the rat. Several studies show rhythms in
Per1 bioluminescence and PER1 and PER2 protein expression
in both SCN regions (Yamaguchi et al., 2003; Yan and Silver,
2004), but others show that a region in the central mouse-SCN
has gene expression patterns that differ from those in other
SCN areas (King et al., 2003; LeSauter et al., 2003). When
ventral and dorsal SCN are separated by a knife cut, the dorsal
SCN neurons desynchronize, suggesting that the ventral SCN
synchronizes dorsal neurons (Yamaguchi et al., 2003). In the
hamster, a subgroup of tightly packed Calbindin-D28K (CalB)
positive neurons is present in the center of the SCN (Silver
et al., 1996b). This regionmay be required for rhythmic output
of the SCN, by providing daily, synchronizing input to
oscillating SCN neurons (LeSauter and Silver, 1999; Hamada
et al., 2001; Jobst and Allen, 2002; Antle et al., 2003; Kriegsfeld
et al., 2004).

6.2.1. Entrainment by light
Entraining light information reaches the SCN directly via the
retinohypothalamic tract (RHT), which contains several neu-
rotransmitters, the most important ones being glutamate and
PACAP (Hannibal, 2002; Brzezinski et al., 2005). The RHT ter-
minates predominantly in the core of the rat-, hamster- and
mouse-SCN and more sparsely in the shell (Moore and Lenn,
1972; Card and Moore, 1984; Abrahamson and Moore, 2001).
The retinorecipient area shows light-induced changes in the
expression of several clock genes and immediate early genes,
aswell as electrophysiological responses to light or optic nerve
stimulation (Groos and Mason, 1980; Shibata et al., 1984b,c;
Meijer et al., 1986, 1992; Guido et al., 1999; Yan et al., 1999;
Schwartz et al., 2000;Dardente et al., 2002; Kuhlmanet al., 2003;
Karatsoreos et al., 2004). In the shell, light-induced changes in
gene expression are generally absent, less pronounced or
delayed. In the hamster-SCN, light responses of clock gene
expression and Fos immunoreactivity are particularly clear in
the CalB area (Silver et al., 1996b; Hamada et al., 2001).

Entrainment to the environmental light–dark cycle relies on
the phase shifting effects of light. Light-induced phase shifts of
e.g. behavior are not complete within one cycle but develop
over several transient cycles. To test whether the transients
reflect the phase shifting kinetics of the pacemaker itself,
double light pulses have been applied. The resultant phase
shift of two light pulses can be used to calculate themagnitude
of the phase shift, induced by the first light pulse, at the time
the second was administered. These studies revealed that the
phase response curve shifts immediately in response to a light
pulse, indicating near-instantaneous phase resetting of the
underlying oscillator (Pittendrigh, 1981; Elliott and Pittendrigh,
1996; Sharma and Chandrashekaran, 1997; Best et al., 1999;
Sharma et al., 2000; Watanabe et al., 2001; see also Takamure
et al., 1991).

It should benoted that an immediate phase shift of the light
pulse phase response curvemay not represent the behavior of
the SCN as a whole. Reddy and coworkers reported immediate
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resetting of the rhythms in Per1 and Per2 expression in the
SCN, but slowphase shifting of theCry1 rhythm, in response to
a phase advance of the light–dark cycle (Reddy et al., 2002).
Others observed rapid phase resetting of clock gene expression
rhythms in the ventral SCN and slow resetting in the dorsal
SCN, resulting in a temporal desynchronization between the
SCN regions (Nagano et al., 2003). A more detailed spatial
analysis within the SCN revealed transient desynchrony
also within the ventral and dorsal SCN regions during phase
resetting (Nakamura et al., 2005). Albus et al. (2005) observed
bimodal electrical activity patterns in the ventral and dorsal
SCN in a slice preparation after a 6-hour phase delay of the
light–dark cycle. One component showed a large and immedi-
ate phase delay, whereas the other showed almost no phase
shift. Separation of the dorsal and ventral parts by a knife cut
resulted in unimodal peaks in both regions. The peak in the
ventral SCN was completely delayed, while the peak in the
dorsal SCN was unshifted. Interestingly, application of the
GABAA antagonist bicuculline induced the same effect as a
knife cut. The presence of the bimodal peaks in electrical
activity in intact slices indicates that phase shift information is
transmitted between the ventral and the dorsal SCN. In
contrast, clock gene expression appears region specific.

Onset and offset of mammalian behavioral activity show
different phase resetting characteristics in response to photic
and non-photic stimuli and in response to a shift of the light–
dark cycle (Sisk and Stephan, 1981; Honma et al., 1985; Elliott
and Tamarkin, 1994; Meijer and De Vries, 1995; Vansteensel
et al., 2003a). Also the evening rise and morning decline of the
rhythms in hamster melatonin and rat pineal N-acetyltrans-
ferase (NAT) activity respond with different rates to phase
shifting light pulses (Elliott and Tamarkin, 1994; Illnerová and
Sumová, 1997). The differences in phase resetting may relate
to differentially responding subregions within the SCN. In
horizontal slice preparations of the hamster-SCN (but not the
rat- or mouse-SCN, Burgoon et al., 2004), two neuronal activity
components occur around projected dawn and dusk ( Jagota
et al., 2000; Burgoon et al., 2004) and shift differentially in
response to glutamate ( Jagota et al., 2000). It is possible that
these two components observed in the SCN neuronal activity
of the hamster correspond to the ventral and dorsal oscillators
observed in the rat-SCN (Albus et al., 2005) and that, in the
hamster, they desynchronize following horizontal preparation
of the tissue.

6.3. Interaction between the left and right SCN

Each SCN nucleus is capable of generating a rhythm in
behavioral activity (Pickard and Turek, 1982, 1983; Davis and
Gorski, 1984). Robust rhythms in electrical activity have been
observed on both sides, with similar periods and slight
differences in phase (Inouye and Kawamura, 1982; Nakamura
et al., 2001; Schaap et al., 2001). The phase differences are not
consistent between the left and right SCN and can also be
observed within one nucleus (Schaap et al., 2003). Unilateral
SCN lesions result in a change in the freerunning period,
indicating that the two nuclei are coupled (Pickard and Turek,
1982, 1983). Coupling may occur via identified bilateral
projections between the SCN nuclei (Kalsbeek et al., 1993;
Leak et al., 1999; Abrahamson and Moore, 2001). In contrast to
the large number of studies investigating the dorsal and
ventral organization of the SCN, the number of studies
addressing left–right connectivity is limited.

6.3.1. Splitting
Splitting may occur in nocturnal rodents that are kept in
constant light for prolonged periods of time. During splitting,
the behavioral activity splits into two components that
freerun temporally with different periods until they reach a
stable phase relationship. Pittendrigh and Daan (1976) pro-
posed that the two behavioral components originate from two
functionally different oscillators, one controlling the evening
behavioral activity onset (E) and the other controlling the
morning offset (M). Empirical studies, however, have shown
similar responses of the two components of split rhythms to
photic and non-photic stimuli (Boulos and Rusak, 1982; Lees
et al., 1983; Boulos and Morin, 1985; Meijer et al., 1988, 1990).
Antiphase oscillations of clock gene and c-Fos expression have
been observed between the left and right SCN nuclei of
animals with split activity rhythms, suggesting that the two
behavioral components represent left and right SCN oscilla-
tors (Fig. 10; de la Iglesia et al., 2000, 2003; Mendoza et al., 2004;
Ohta et al., 2005). In addition, each hamster-SCN nucleus
contains two subregions inwhich the expression of PER1, c-FOS
and pERK proteins can oscillate in antiphase (Yan et al., 2005).
Electrical activity recordings in the SCN of split hamsters
revealed bimodal patterns in the left and right nucleus
(Zlomanczuk et al., 1991), indicating that the antiphase mole-
cular expression rhythms may be integrated at the level of the
electrical activity.

6.4. Effects of extra-SCN tissues on the SCN pacemaker

SCN neuronal activity measured in vitro shows smooth
rhythms in electrical impulse frequency. In contrast, in vivo
recordings in freelymoving animals show a large variability in
electrical activity that is superimposed on the circadian
waveform (Meijer et al., 1997). The difference indicates that
the SCN electrical activity is affected by the presence or
absence of connectivity with the central nervous system.
Indeed, it has been found that behavioral activity induces a
decrease in the multiunit activity in the SCN of the hamster
and the rat (Meijer et al., 1997; Yamazaki et al., 1998; Schaap
and Meijer, 2001). Also vigilance state affects SCN neuronal
activity: during REM sleep, SCN electrical activity is increased,
whereas it is decreased during non-REM sleep (Deboer et al.,
2003).

Behavioral stimuli, such as novel wheel-induced running
and sleep deprivation, can induce phase shifts in behavioral
activity rhythms (Mrosovsky et al., 1989; Antle and Mistlber-
ger, 2000), which possibly involves identified projections from
several brain areas to the SCN (Pickard, 1982; Moga andMoore,
1997; Abrahamson andMoore, 2001). The neurotransmitters of
these projections induce phase advances when applied during
the subjective day, for example neuropeptide Y (NPY) and
serotonin (5-HT) agonists (e.g. Huhman and Albers, 1994;
Horikawa and Shibata, 2004), and result in changes in the
expression levels of Per1 in the SCN (Horikawa et al., 2000;
Yokota et al., 2000; Fukuhara et al., 2001; Maywood et al., 2002).
While a causal relationship between Per1 suppression and



Fig. 10 – Splitting and antiphase oscillations in left and right SCN nuclei. A) Actogramof thewheel running activity of a hamster
under constant light conditions. Days are plotted underneath each other and black marks indicate the presence of wheel
running activity. After a number of days in constant light, the behavioral activity splits into two components, which
subsequently freerun ~12 h out-of-phase (arrow). OVX = ovariectomy, E2 = implantation of estradiol benzoate capsule,
asterisk = sacrifice. B) Coronal brain section of a behaviorally split hamster, processed for c-Fos immunoreactivity shows
asymmetry between the left and right SCN nuclei. Only one SCN nucleus is intensely stained for c-Fos. 3V = third ventricle, OC =
optic chiasm, scale bar=500 μm. (From de la Iglesia et al., 2003, copyright 2003 by the Society for Neuroscience).
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non-photic phase shifting has been indicated (Hamada et al.,
2004), some stimuli induce phase shifts without concurrent
changes in Per1 expression levels (Poirel et al., 2003; Van-
steensel et al., 2005), suggesting that they affect the clock via
intracellular pathways that do not involve Per1.

6.4.1. A role for extra-SCN tissues in reentrainment
Rats subjected to a phase advance of the light–dark cycle
require several transient cycles to reentrain their behavioral
activity rhythms to the new cycle, whereas clock gene ex-
pression rhythms in the SCN phase shift immediately (Yama-
zaki et al., 2000). To distinguish between ‘masking’ effects of
the light–dark cycle and endogenous pacemaker activity, a
number of reentrainment studies employed a protocol in
which exposure to the shifted light cycle was followed by a
period of constant darkness. The large phase shifts in clock
gene expression rhythms remain present upon exposure to
constant darkness following the advance of the light–dark
cycle (Vansteensel et al., 2003b). Surprisingly, this protocol
does not induce phase shifts in behavioral activity rhythms,
and also not in electrical activity of the SCN, measured in vivo
(Vansteensel et al., 2003b). It has now become clear that extra-
SCN tissues can affect the phase of the electrical activity
rhythmof the SCNandattenuate entrainment to a shifted light
cycle (Fig. 11; Vansteensel et al., 2003b). At present, the factors
or pathways involved remain unknown. However, reentrain-
ment to a shifted light–dark schedule is accelerated if animals
and also humans exercise at the new phase (Mrosovsky and
Salmon, 1987; Barger et al., 2004). Moreover, in pinealecto-
mized animals (Quay, 1970; Finkelstein et al., 1978), in animals
that have low levels of melatonin (Kopp et al., 1998), and in
animals that are deficient in neuronal PAS domain protein 2
(NPAS2) (Dudley et al., 2003), resetting occurs more rapidly
than in control animals.
6.5. Oscillators in the periphery

Independent circadian oscillators have been observed in tissues
outside the SCN. The retina, for example, shows rhythmic
melatonin synthesis when cultured in isolation of the SCN
(Tosini andMenaker, 1996; for review, see Tosini and Fukuhara,
2002). Moreover, the liver, heart and several brain areas show
rhythmic expression of Per1, Per2 and Bmal1 (Balsalobre et al.,
1998; Yamazaki et al., 2000; Akhtar et al., 2002; Abe et al., 2002;
Izumo et al., 2003; Kornmann et al., 2007; Mühlbauer et al., 2004;
Fukuhara et al., 2005; Prolo et al., 2005). Peripheral rhythmsoften
express a decline in rhythm amplitude within several cycles in
absence of the SCN,whichmay be caused by desynchronization
across rhythmiccells (Granados-Fuentes etal., 2004b;Nagoshiet
al., 2004;Welsh et al., 2004), but some tissues are able to express
persistent circadian rhythmsat the tissue level in absenceof the
SCN (Fig. 12; Granados-Fuentes et al., 2004a; Yoo et al., 2004;
Abrahametal., 2005).One interpretationof these findings is that
the SCN acts as a synchronizer, more than as a master
pacemaker (Yoo et al., 2004). Recent evidence indicates that
peripheral oscillators are synchronized not only by systemic
cues but also by local oscillators (Kornmann et al., 2007).

6.5.1. Food-entrainable oscillator
Restriction of food availability to a relatively short interval
during every cycle induces food-anticipatory behavior, i.e.
increments of behavioral activity shortly before the food
becomes available (Mistlberger, 1994; Stephan, 2001; Davidson
et al., 2005; Davidson, 2006). When animals are completely food
deprived after a period of restricted feeding, food-anticipatory
behavior persists for at least several cycles at the predicted
phase (Mistlberger, 1994). This phenomenon also occurs inSCN-
lesioned animals (Stephan et al., 1979; Boulos et al., 1980;
Mistlberger, 1994; Marchant and Mistlberger, 1997), which



Fig. 11 – Dissociation between SCN neuronal activity rhythms in vitro and in vivo after a phase advance of the light–dark cycle.
ZT 6 of the unshifted or shifted light–dark cycles is indicated by vertical lines. The light–dark cycles to which the animals were
exposed before recording are indicated above the graphs, withwhite indicating lights-on and black indicating lights-off. A) SCN
neuronal activity (in Hz, plotted every 10 s), recorded from a brain slice in vitro, phase shifts for several hours on the first day
after the shift of the light–dark cycle. Top panel: unshifted cycle, bottom panel: shifted cycle. B) In vivo SCN neuronal activity
(in Hz, plotted every 10 s) does not phase shift on day 1 after the shift of the light–dark cycle. Top panel: unshifted cycle, bottom
panel: shifted cycle. Episodes of multiunit activity containing movement artefacts were not plotted, resulting in gaps in the
dataset. The different phase shifting behavior of the SCN in the absence (in vitro) or presence (in vivo) of its connections to
the rest of the nervous system suggests that extra-SCN tissues inhibit the SCN to phase shift in response to a phase advance of
the light–dark cycle (From Vansteensel et al., 2003b. This article was published in Curr. Biol. 13, Vansteensel et al., Dissociation
between circadian Per1 andneuronal and behavioral rhythms following a shifted environmental cycle. pp. 1538–1542, copyright
Elsevier 2003).
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indicates that it is mediated by an oscillator independent of the
SCN. Recent evidence indicates that the dorsomedial hypotha-
lamic nucleus (DMH) is critical in the expression of food-
entrainable rhythms (Gooley et al., 2006) rather than the
thalamic paraventricular nucleus (Landry et al., 2007). Cell-
specific lesions within the DMH block food entrainment, and
DMHneuronal activity correlateswith the restricted feedingday
(Gooley et al., 2006).

In response to a phase shift of the light–dark cycle, food
anticipatory behavior shifts to the new phase (Rosenwasser
et al., 1984; Stephan, 1986a; Ottenweller et al., 1990), which
indicates that the food-entrainable oscillator is affected by or
coupled to the light-entrainable oscillator of the SCN.Whether
or not the light-entrainable oscillator in the SCN, in turn, is
affected by the food-entrainable oscillator is not entirely clear.
During restricted feeding in constant darkness, the SCN
neuronal activity rhythm freeruns and is not affected by the
daily feeding schedule (Inouye, 1982).When ad libitum feeding
is resumed after a period of scheduled feeding, the phase of
the behavioral activity and plasma corticosterone rhythm can
be predicted from the rhythms prior to the scheduled feeding
period (e.g. Boulos et al., 1980; Honma et al., 1983). Moreover,
the phase of clock gene expression rhythms in the SCN is
unaffected, despite the phase shifts that occur in peripheral
tissues (Damiola et al., 2000; Hara et al., 2001; Le Minh et al.,
2001; Stokkan et al., 2001; Wakamatsu et al., 2001). In contrast,
several other reports have indicated that restricted feeding
can i) affect the nocturnal or light-entrainable component of
behavioral activity (Stephan, 1986b,c; Holmes and Mistlberger,
2000; Castillo et al., 2004; Caldelas et al., 2005; Mendoza et al.,
2005a,b), ii) affect vasopressin release and mRNA, as well as
VIP and Fos immunoreactivity in the SCN (Morin et al., 1993;
Challet et al., 1997; Kalsbeek et al., 1998;Mendoza et al., 2005a,b),
iii) affect the phase of clock gene expression in the SCN
(Castillo et al., 2004; Mendoza et al., 2005b; Abe et al., 2007),
and iv) restore a rhythm in behavior and PER2 immunor-
eactivity in the SCN of LL-arrhythmic animals (Lamont et al.,
2005). Differences among the outcomes of the studies may
arise from a difference in the number of cycles that animals
are kept in the restricted feeding schedule (Boulos et al., 1980;
Castillo et al., 2004), species or strain differences (Mistlberger,
1994; Abe et al., 2007), differences in the endogenous period τ
(Stephan, 1986a,b; Abe and Rusak, 1992; Mistlberger, 1993; but
see Castillo et al., 2004) and the presence or absence of caloric
restriction (Challet et al., 2003; Mendoza et al., 2005b). The
recent identification of the DMH as a critical component of
food anticipatory behavior will be helpful to determine the
reciprocal couplingmechanisms between the light- and food-
entrainable oscillators.

6.6. Conclusion

The mammalian pacemaker of the SCN contains multiple,
single cell oscillators that are synchronized. Each SCN nucleus
contains two anatomically and functionally different regions,
the ventrolateral SCN or core and the dorsomedial SCN or
shell. These regions are coupled and show different properties
during reentrainment to a shifted environmental light–dark



Fig. 12 – Persistent rhythmicity in isolated peripheral tissues of themouse. MPER2::LUC bioluminescence recordings from SCN,
liver and lung tissues show sustained circadian rhythmicity during many days in culture. (From Yoo et al., 2004,
copyright 2004 National Academy of Sciences, USA).
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cycle. A number of attributes observed in mammalian
behavior and physiology have now been explained at the
tissue level of the SCN. Arrhythmicity in behavior, induced by
constant light, is a result of desynchronized rhythmic single
cell SCN oscillators (Ohta et al., 2005) and coupling among
these single cells is thought to render increased precision of
rhythmicity (Liu et al., 1997; Herzog et al., 1998, 2004; Honma et
al., 1998b, 2004). Antiphase oscillations among SCN neuronal
populations explain splitting of behavioral rhythms (de la
Iglesia et al., 2000, 2003; Mendoza et al., 2004; Ohta et al., 2005;
Yan et al., 2005) and daylength may be encoded by changing
phase relationships among individual SCN cells or SCN
regions (Schaap et al., 2003; Hazlerigg et al., 2005; Rohling et
al., 2006; Inagaki et al., 2007; VanderLeest et al., 2007). These
findings emphasize that, for proper functioning of the
circadian timing system, synchronization and coupling
mechanisms within the SCN are indispensable. Interactions
also exist between the SCN and the periphery. Tissues and
processes outside the SCN have direct effects on the SCN
neuronal activity and either phase shift the pacemaker or
attenuate phase resetting by light. Independent oscillators are
present in the periphery of the SCN that may have some
degree of autonomy, but require signals from the SCN to
remain synchronized.
7. Comparison of species

Since circadian clocks have developed early in evolution one
may expect to see some common, preserved mechanisms
among the different species. Intuitively we would expect
similarities on the molecular level (for review, see Allada
et al., 2001; Schibler, 2006) and more species-dependent
processes at the cell, tissue and organism levels. Interest-
ingly, this review identifies functional and design features of
circadian clocks (e.g. synchronization, regional oscillators)
that suggest that, even on the cell and tissue levels of
organization, similar mechanisms exist among species. For
example, single neuronal pacemaker cells are capable of
expressing a circadian rhythm in the absence of network
input (mammals: Welsh et al., 1995; snails: Michel et al.,
1993) and in Drosophila, appear to be able to drive a rhythm
in locomotor activity (Helfrich-Förster, 1998). Despite many
differences in morphology and physiology, common princi-
ples seem to apply to all neuronal circadian pacemakers: i)
the peak of electrical activity is during the day, regardless of
the time the animal is behaviorally active (nocturnal: Block
and Wallace, 1982; Colwell and Page, 1990; Inouye and
Kawamura, 1979; diurnal: Eskin, 1971; Sato and Kawamura,
1984), ii) circadian modulation of electrical activity may be
caused by modulation of potassium channels (Itri et al.,
2005; Michel et al., 1993, 1999), and iii) maintenance of
circadian rhythmicity requires membrane excitability, pos-
sibly using calcium as a mediator (Lundkvist et al., 2005;
Maywood et al., 2006; Nitabach et al., 2002, 2005). These
similarities among species may aid the investigation of clock
mechanisms, such as the role of calcium in entrainment and
regulation of clock gene expression or the importance of
neuronal networks for resetting and time-keeping discussed
below.
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7.1. Synchronization among pacemaker cells

In many species, individual pacemaker neurons are coupled to
become synchronized (Drosophila: Peng et al., 2003; Lin et al.,
2004; cockroach: Schneider and Stengl, 2005; Bulla: Jacklet and
Colquhoun, 1983; Block et al., 1984;Aplysia: Jacklet, 1969b; Jacklet
et al., 1982; mammals: Michel and Colwell, 2001). Within the
mammalianSCN, small subpopulations (b10 neurons) appear to
be coupled and oscillate in phase. These subpopulations can
show largephase differenceswith adjacent populations (Schaap
et al., 2003). Also recording of clock gene expression rhythms
revealed the presence of groups of SCN neurons that are in
phase, but show large phase differences with other populations
(Quintero et al., 2003; Yamaguchi et al., 2003; Nakamura et al.,
2005). Similarly, neurons of the cockroach accessorymedulla are
organized in subpopulations in which they are synchronized by
GABAergic synaptic interactions and gap junction coupling.
Synchronization across different populations is thought to be
mediated by PDF (Schneider and Stengl, 2005; 2006). PDF also
plays a synchronizing role in the Drosophila circadian system
(Pengetal., 2003; Linetal., 2004) and thereareseveral indications
that this role is parallelled in mammals by VIP. VIP and PDF are
required for theexpressionofmammalianand insect behavioral
rhythmicity, respectively, and in VIP- as well as PDF-knockout
animals, pacemaker neurons desynchronize (Lin et al., 2004;
Aton et al., 2005). In additon, the amino acid sequences of the
VPAC2 receptor and the PDF receptor are similar (Hyun et al.,
2005). Inmammals, snails andcockroaches, there is evidence for
gap junction or electrotonic coupling among pacemaker cells.
The importance of coupling for overt rhythmicity is indicated by
the arrhythmic behavior of Drosophila carrying a pdf-mutation
and mammals that are exposed to constant light for extended
periods of time (Peng et al., 2003; Linet al., 2004;Ohta et al., 2005).
In addition, loss of VIP or its VPAC2 receptor, or loss of the gap
junction protein connexin 36 leads to disrupted behavioral
activity rhythmsofmammals (Atonet al., 2005; Longet al., 2005).
Together, the data suggest conservation of signaling pathways
in the circadian system of different species.

7.2. Regional oscillators

The twomain subregions of themammalian SCN, the core and
shell, are dissimilar in their neuropeptide contents and in the
organization of efferent and afferent projections. The photic
input projects mainly to the core SCN, whichmay relate to the
fast resetting of the ventral but not the dorsal SCN (Nagano
et al., 2003; Albus et al., 2005). At present, it remains unclear
why regions within the pacemaker differ in resetting speed. It
is possible that such an organization is more resistant to short
term environmental perturbations, but is optimized to follow
slowly developing changes, which may be the ones that are
biologically important. Similar to the organization of the
mammalian SCN, the cockroach accessory medulla can be
divided in a core and a shell. Different types of neurons project
to these regions and the core receives the input from the
photoreceptive system (see for review, Helfrich-Förster, 2004).
It would be interesting to investigate whether the two regions
of the cockroach accessory medulla have different phase
resetting kinetics as well, and whether the organization of a
circadian pacemaker in a light recipient and non-recipient
part is a general feature of circadian systems (e.g. Cantwell
and Cassone, 2006; Yoshimura et al., 2001).

Another important question is whether the existence of
distinct subregions within the pacemaker serves a certain
function. In Drosophila, the s-LNvs play a central role as
pacemaker and output neurons. They project to the dorsal
brain and control the morning activity component of locomo-
tor behavior, whereas the LNds and possibly the DNs are
thought to control the evening activity component. In turn,
the l-LNvs appear associated with the visual system and may
be involved in coupling pacemaker centers in both sides of the
brain, but their exact function remains to be determined
(Grima et al., 2004; Helfrich-Förster, 2004, 2005, 2007; Stoleru
et al., 2004, 2005; Veleri and Wülbeck, 2004). Hamsters with
unilateral lesions of the SCN can develop splitting under
constant light conditions (Davis and Gorski, 1984), which
suggests that one SCN nucleus can drive two behavioral
activity components. Accordingly, rats can express two
locomotor activity components with different periods when
exposed to a 22-hour light–dark cycle. These components
correspond to clock gene expression patterns in the dorsal and
ventral subregions of the SCN (de la Iglesia et al., 2004a). The
data show thatDrosophila andmammals have a dorsal–ventral
separation of regions that can separately drive behavioral
rhythmicity.

7.3. Bilaterally paired structures

Circadianpacemakers areoftenbilaterally paired structuresand
each insect optic lobe, snail eye or mammalian SCN nucleus is,
by itself, able to function as a pacemaker (e.g. cockroach:
Sokolove, 1975b; Page et al., 1977; Wen and Lee, 2000; cricket:
Loher, 1972;Aplysia: Strumwasser, 1973; mammals: Pickard and
Turek, 1982; Davis and Gorski, 1984). There are several indica-
tions that the bilateral pacemakers interact. For example, the
presence of the contralateral counterpart affects the period
length of the rhythms in the cockroach (Page et al., 1977), cricket
(Okada et al., 1991),mammals (Davis and Gorski, 1984) and Bulla
(Roberts and Block, 1985).

In insects and mammals, two components in behavioral
activity can be induced by longterm exposure to constant
light. For both crickets and mammals, it has been demon-
strated that each of the behavioral activity components can be
regulated by one of the bilateral circadian pacemakers (cricket:
Wiedenmann, 1983; Tomioka et al., 1991; Tomioka, 1993;
Ushirogawa et al., 1997; mammals: de la Iglesia et al., 2000,
2003; Mendoza et al., 2004; Ohta et al., 2005). In contrast, the
two freerunning behavioral activity components that can be
observed in cryb mutant Drosophila are thought to be mediated
by the s-LNvs and the LNds (Yoshii et al., 2004; Rieger et al.,
2006). These neurons are also responsible for themorning and
evening locomotor activity peaks of Drosophila (Grima et al.,
2004; Stoleru et al., 2004, 2005). The occasional observation of
more than two freerunning behavioral activity components
(Helfrich and Engelmann, 1983; Helfrich, 1986) may suggest
desynchronization among the bilateral pacemakers (Helfrich-
Förster and Homberg, 1993). We believe that bimodal locomo-
tor rhythms, including splitting, can result from out-of-phase
oscillations between either left and right or dorsal and ventral
oscillators.
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7.4. Entrainment by light

Light is the most important entraining agent for circadian
systems and in all species, light pulses induce phase delays or
phase advances when given during the early or late night,
respectively (Drosophila: Pittendrigh, 1981; cockroach: Wieden-
mann, 1977; cricket: Okada et al., 1991; Bulla: Block and
McMahon, 1984; Aplysia: Corrent et al., 1982; mammals: Daan
and Pittendrigh, 1976a). Light induces an increase in firing rate
in a majority of the retinorecipient SCN neurons in nocturnal
mammals (Meijer et al., 1986). In diurnal mammals, however,
retinorecipient SCN cells are often light-suppressed (Meijer
et al., 1989; Jiao et al., 1999), which is not directly explainable
by the glutamatergic input pathways. Both in the nocturnal
Bulla and the diurnal Aplysia, light causes depolarization of
pacemaker neurons and an increase in firing rate (Block et al.,
1984; Jacklet and Barnes, 1993; Jacklet et al., 1996). Light
responses of the mammalian and Bulla circadian pacemaker
can be recorded during the day and the night (Ralph and Block,
1990; Meijer et al., 1998). Longterm in vivo recordings in freely
moving rats have revealed that the sensitivity to light is high
during the night, and lower during the day (Meijer et al., 1998).
As bright light induces light responses in the SCN also during
the day, when phase shifts remain absent, the dead zone in
the phase response curve arises downstream from the input
and is expected to result from the molecular state of the
pacemaker (Meijer et al., 1998).

7.5. Photoperiodicity

Seasonal changes in daylength have profound effects on
physiology and behavior of mammals, Drosophila and other
species (e.g. Tomioka and Chiba, 1989; Wassmer and Page,
1993; Roberts and Xie, 1996; Goldman, 2001; Tauber and
Kyriacou, 2001). These photoperiodic responses are thought
to be mediated by the circadian timing system. In the mam-
malian SCN, daylength is probably encoded at the tissue level
by a change in phase relationship among cells and/or regions
(Schaap et al., 2003; Hazlerigg et al., 2005; Rohling et al., 2006,
Inagaki et al., 2007; VanderLeest et al., 2007). Differences in
clock (-controlled) gene expression rhythms have been
observed in the caudal versus the rostral SCN (Hazlerigg
et al., 2005, Inagaki et al., 2007). This indicates that, in addition
to left–right and dorsal–ventral distinctions, a functional
distinction can be made along the rostral–caudal axis of the
SCN that is involved in seasonal adaptation. The role of the
circadian clock in photoperiodic encoding in other species
remains to be determined.

7.6. Output

For several species, it has been demonstrated that the central
pacemaker sends neuronal projections to specific areas in the
brain (Drosophila: Helfrich-Förster, 2003; cockroach and cricket:
Homberg et al., 1991; Bulla: Lacroix et al., 1991;Aplysia: Olson and
Jacklet, 1985; mammals: Leak et al., 1999; Abrahamson and
Moore, 2001). Cutting these neuronal connections results in
arrhythmicity or weak rhythmicity in behavior (cockroach:
Nishiitsutsuji-Uwo and Pittendrigh, 1968; cricket: Sokolove and
Loher, 1975; Aplysia: Lickey et al., 1983; mammals: Nunez and
Stephan, 1977; Nishio et al., 1979; van den Pol and Powley, 1979;
Kawamura and Inouye, 1979). In addition, infusion of the Na+

channel blocker tetrodotoxin (TTX) into the mammalian SCN
abolishes circadian drinking rhythmicity (Schwartz et al., 1987).
These data suggest the involvement of neuronal output path-
ways in the mediation of overt rhythmicity. In accordance,
restoration of cockroach wheel running rhythmicity after optic
stalk severance or transplants of the accessory medulla
correlates with the regeneration of PDH immunoreactive fibers
into their original target areas (Stengl and Homberg, 1994;
Reischig and Stengl, 2003). Similarly, LNvs and their projection
into the superior protocerebrum are required for the expression
of locomotor rhythmicity in Drosophila (Helfrich-Förster, 1998).

Humoral processes contribute to the regulation of pace-
maker output (Drosophila: Handler and Konopka, 1979; snails:
Blumenthal et al., 2001; mammals: Silver et al., 1996a). It is
thought that rhythmic release of PDF from the LNvs into the
dorsal protocerebrum is involved in the control of Drosophila
rhythmicity (Renn et al., 1999; Helfrich-Förster et al., 2000; Park
et al., 2000; Helfrich-Förster, 2003). Formammals, it was shown
that transplantation of the SCN, isolated in a semipermeable
polymeric capsule, which prevents neuronal outgrowth but
allows diffusion of humoral signals, is able to restore wheel
running rhythmicity (Silver et al., 1996a). Different types of
behavior may require different signaling pathways, since SCN
transplants that reinstate wheel running rhythmicity in the
hamster do not restore rhythms in neuroendocrine functions,
such as urinary 6αMTS or serumglucocorticoid concentrations
(Meyer-Bernstein et al., 1999). Conceivably, some behavioral or
physiological processes may be mediated by a combination of
neuronal and humoral signaling.

7.7. Peripheral influences on the central pacemaker

In many species, the main circadian pacemaker is not only
affected by light, but also by other stimuli. The effects of, for
instance, sleep and behavioral activity on the mammalian
pacemaker may be mediated by known projections from the
brain to the SCN (Pickard, 1982; Moga and Moore, 1997;
Abrahamson and Moore, 2001; Morin and Allen, 2006). Neuro-
transmitters of theseprojections are able to affect SCNneuronal
activity andmay cause phase shifts (e.g. Meijer and Groos, 1988;
Huhman and Albers, 1994; Gribkoff et al., 1998; Horikawa and
Shibata, 2004). For both Bulla and Aplysia, a projection from the
cerebral ganglion to the ocular pacemaker has been demon-
strated (Olson and Jacklet, 1985; Jacklet et al., 1987). In this
projection, FMRF-amide and serotonin, respectively, are
thought to act asneurotransmitters (Corrent et al., 1978; Corrent
and Eskin, 1982; Jacklet et al., 1987; Roberts and Moore, 1987;
Takahashi et al., 1989; Colwell, 1990; Colwell et al., 1992).
Application of these substances to the eye induces a suppres-
sion of CAP activity and a phase shift of the ocular rhythm,
depending on the time of administration. In the cockroach, a
histamine-immunoreactive neuron in the posterior lateral
protocerebrum projects to the accessory medulla (Loesel and
Homberg, 1999). Whether or not histamine may have phase
shifting effects upon administration remains to be determined.

In cockroaches, crickets,Aplysia andmammals, serotonin or
a serotonin agonist induces phase shifts different from those
induced by light. Although the serotonin phase response curve
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of the cockroach isqualitatively different fromthose obtained in
the other species (Corrent et al., 1982; Page, 1987; Tomioka, 1999;
Horikawa and Shibata, 2004), the data suggest that a role for
serotonin in the circadian timing system is relatively conserved.

7.8. Peripheral oscillators

Secondary circadian oscillatorsmay exist in all species covered
in this review. Many isolated peripheral tissues of mammals,
Drosophila and zebrafish exhibit circadian rhythms in the
expression of clock genes. In Drosophila and zebrafish, the
peripheral rhythms can be directly entrained by light–dark
cycles, suggesting a high degree of autonomy (Giebultowicz,
2001; Tamai et al., 2003). In line, transplanted excretory tubules
of Drosophila do not adjust their phase to that of the host
(Giebultowicz et al., 2000). In mammals, on the other hand,
transplanted mouse embryo fibroblasts are entrained to the
periodof thehost (Pandoet al., 2002), suggesting that peripheral
oscillators are under control of the SCN and are less autono-
mous than those in Drosophila. In fact, in SCN-lesioned mice,
mPER2::LUC bioluminescence rhythms of different peripheral
tissues desynchronize to a large extent (Yoo et al., 2004). These
data indicate that themammalian SCN is required tomaintain
synchrony among different tissues, while in other species, the
circadian system is organized in a less hierarchical way.

7.9. Pacemaker function of peripheral tissues

Are peripheral oscillators able to drive rhythmicity in beha-
vioral or physiological functions, i.e. do they have a pacemaker
function?Formanyspecies, it hasbecomeclear that thecentral
circadian pacemaker cannot account for all attributes of
behavioral activity rhythms and it has been proposed that
secondary pacemakers are involved. Also other functionsmay
be under the control of peripheral oscillators. For example,
rhythmic endocuticle growth can be observed after removal of
the optic lobe pacemakers of the cockroach and in isolated
cockroach leg culture (Lukat, 1978; Weber, 1985, 1995). In
addition, circadian oscillators outside the Aplysia eyes were
shown to be sufficient for the generation of a circadian rhythm
in longtermmemory formation (Lyons et al., 2006) and in SCN-
lesioned mammals, rhythmic food-anticipatory behavior per-
sists (Stephan et al., 1979; Boulos et al., 1980; Mistlberger, 1994;
Marchant and Mistlberger, 1997). Oscillators within the anten-
nal neurons of Drosophila are required and sufficient for
rhythmicity in olfactory responses, whereas the presence of
an intactmolecular clock in the lateralneurons isnot (Krishnan
et al., 1999; Tanoue et al., 2004; Zhou et al., 2005). Similarly,
circadian rhythms in mammalian olfactory responses are not
dependent on the major pacemaker in the SCN. Instead, a
circadian clock in the olfactory bulb may be involved in the
regulation of olfactory responsivity (Granados-Fuentes et al.,
2006). Taken together, the data suggest that peripheral
oscillators control rhythmic functions in many species.
8. Conclusions

The discovery of peripheral oscillators, as well as the observed
responses of circadian pacemakers to stimuli other than light,
such as sleep, behavioral activity or certain neurotransmitters,
has altered substantially our view of the central circadian
pacemaker. Instead of a dominant master pacemaker that is
mainly responsive to light, the central pacemaker appears to
play a critical but somewhat more modest role in controlling
rhythmic functions. Importantly, it is now seen as having the
capacity to integrate signals from within and outside the
central nervous system. The conventional model of the
circadian system, consisting of a linear signaling pathway
(with light input pathway, rhythm generating component and
output pathway) requires modification if one considers
growing evidence of mutual interactions between the central
pacemaker and many other components in and possibly
outside the CNS. A major challenge will be to keep such a
scheme comprehensive, simple, and explanatory and above
all, to give it heuristic value. The major questions this model
should address are:What is the relative contribution of central
and peripheral oscillators in controlling rhythmic behavior?
Does the central clock act as a master pacemaker or as a
synchronizer of rhythmic functions (Yoo et al., 2004)? Are
downstream oscillators able to impose their rhythm on the
central pacemaker, do they have synchronizing capacity or do
they alter the output of the central clock (Deboer et al., 2003)?
In close relation, it will be important to determine by what
mechanisms the central pacemaker and peripheral structures
communicate. Answers to these questions are also of impor-
tance for areas of research in which the circadian system is
studied in a broader context such as aging, shift work, sleep
disorders or chronopharmacology.

For the species discussed in this review, it has become clear
that different attributes of the circadian system arise at
different levels of organization. The molecular machinery
accounts for the presence of basal circadian oscillators, which
can be considered the primary elements of the circadian
system. These oscillators have no functional significance
without proper connectivity with one another and with the
internal and external environments. While several observa-
tions indicate that membrane processes may be critically
involved in rhythm generation (Nitabach et al., 2002, 2005;
Yamaguchi et al., 2003; Lundkvist et al., 2005), there seems
little doubt that individual cells have a rhythm generating
capacity. However, other attributesmay ormay not be present
at the single cell level. Coupling mechanisms among oscilla-
tory cells or among oscillatory tissues determine the proper-
ties of the circadian system in a critical way. Apart from input
and output regulation, which evidently depends on the
integrity of functional connections, it has become clear that
pacemaker precision, period, waveform, and resetting kinetics
are influenced by neuronal network interactions. In some
cases, these are networks within the central pacemaker, and
in other cases, these are networks between the central
pacemaker and downstream structures. Of note, certain
aspects of circadian behavior, such as period and amplitude,
are also strongly affected by complex epistatic gene interac-
tions (Shimomura et al., 2001). It will be most interesting to
determine whether such genetic networks code directly for
some of the observed behavioral phenomena, or whether, in
fact, they regulate some of the coupling pathways discussed in
the present review. We believe that the circadian system
offers an attractive and maybe unique model to investigate to
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what extent biological properties are coded for at the mole-
cular level, and towhat extent they are essentially determined
at the integrated tissue level.
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