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Daily rhythms of physiology and behaviour are governed by an endogenous
timekeeping mechanism (a circadian ‘clock’). The alternation of environ-
mental light and darkness synchronizes (entrains) these rhythms to the
natural day-night cycle, and underlying mechanisms have been investi-
gated using singly housed animals in the laboratory. But, most species
ordinarily would not live out their lives in such seclusion; in their natural
habitats, they interact with other individuals, and some live in colonies
with highly developed social structures requiring temporal synchronization.
Social cues may thus be critical to the adaptive function of the circadian
system, but elucidating their role and the responsible mechanisms has
proven elusive. Here, we highlight three model systems that are now
being applied to understanding the biology of socially synchronized circa-
dian oscillators: the fruitfly, with its powerful array of molecular genetic
tools; the honeybee, with its complex natural society and clear division of
labour; and, at a different level of biological organization, the rodent supra-
chiasmatic nucleus, site of the brain’s circadian clock, with its network of
mutually coupled single-cell oscillators. Analyses at the ‘group’ level of cir-
cadian organization will likely generate a more complex, but ultimately
more comprehensive, view of clocks and rhythms and their contribution
to fitness in nature.

1. Introduction

In nature, synchronization of daily behaviours of conspecifics should allow for
the completion of common goals, such as mating and reproduction, defending
against predators, hunting in packs or huddling as a means of energy conserva-
tion. How do groups of animals achieve such collective temporal synchrony
when the individuals of the group each have circadian clocks with different
endogenous periods? Is there a role for social synchronization, in the sense
that the rhythms of each animal both influence and are sensitive to the rhythms
of others in the ensemble? And do social interactions work by resetting the
clock’s oscillation or instead by ‘masking’, that is, by circumventing or overrid-
ing the clock to directly modify the expression of rhythmic behaviours?
Circadian biologists have been asking these questions for decades (an early
review [1] was published over 30 years ago), in search of robust, reliable and
experimentally tractable animal models for rigorous study.

2. Searching for sync

The literature on the effects of social interactions on circadian rhythmicity,
predominately but not exclusively studies of pairs of mammals in the labora-
tory, has been critically reviewed previously [2—5]. While social stimuli have
been reported to alter various rhythm parameters in experimental animals
and humans, mutual synchronization—such that the phase relationship
between subjects remains constant over time under constant environmental
conditions—appears to be unusual. Of course, it is difficult to assess the signifi-
cance of a failure to synchronize without some knowledge of the behavioural
ecology of the studied species in their natural habitat, but this is often
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unknown. In addition, there have also been conceptual and
technical problems with the research: domesticated animals
are commonly used whose behaviour and physiology in the
laboratory environment may be quite different from that of
their counterparts in the wild; and until recently [6], it has
not been feasible to record from individuals in direct physical
contact for relatively long periods of time.

Oscillator theory can suggest factors that should promote
the collective synchronization of oscillators [7], but these have
not been routinely incorporated into the design of the animal
experiments. For example, the degree of synchronization is
expected to increase as the strength of the coupling between
oscillators rises above a critical value. Besides the frequency
of interactions and their type, the degree of familiarity
between animals might also affect their ‘coupling strength’,
and this is a variable that has been mostly uncontrolled in
the literature (indeed, familiarity does seem to be critical for
the apparent rhythm synchronization of common marmosets
(Callithrix jacchus jacchus; [8]). Another factor influencing
oscillator synchronization is the number of interacting oscil-
lators. For weakly coupled oscillators, the phase of any one
oscillator is governed by its own intrinsic properties as well
as effects from the field of oscillators in the network; the mag-
nitude of this field effect increases with the number of
oscillators, favouring synchronization over time [7]. Interest-
ingly, two reports of likely mutual synchronization, in bats
and fish, do involve relatively large animal numbers (rather
than pairs). Schneider’s roundleaf bats (Hipposideros speoris)
individually caged in a cave without access to light synchronize
their activity rhythms to local time, in phase with their free-
living conspecifics that leave the nest daily around sunset
(numbers in the colony not known, but presumably many); a
control bat caged in a cave devoid of other bats instead exhib-
ited a free-running rhythm [9]. The circadian activity rhythm of
Atlantic killifish (Fundulus heteroclitus) expresses a free-running
period of significantly greater precision when the fish are
housed as shoals of 25 than as aggregates of five [10]; and
while individual white suckers (Catostomus commersoni)
become arrhythmic after 15-30 days in constant darkness,
shoals of 25 fish show a less variable circadian period and no
evidence of arrhythmicity [11].

In this paper, we wish to highlight three powerful models
that promise to strongly contribute to a better understanding
of mutually synchronized circadian oscillators. They all include
comparatively large numbers of coupled oscillators, and indivi-
dually feature special advantages for elucidating neurobiological
mechanisms, including the use of molecular genetic manipula-
tions, knowledge of complex natural societies and application
of electrophysiological and computational approaches.

3. Fruitflies (Drosophila melanogaster) and the
chemistry of synchronization

In flies, circadian patterns of locomotor activity and mating
are influenced by social groups [12—-17]. When flies are main-
tained under a light—dark (LD) cycle and then released into
constant darkness, the locomotor activity rhythms of individ-
ual flies kept in isolation are less synchronized than those of
individuals previously maintained within a group of 40 [12].
When wild-type individuals are housed with arrhythmic
mutants, they show less synchronous behavioural activity
than wild-type individuals sampled from homogeneous

control groups, indicating that the social environment may [ 2 |

affect individual patterns of behaviour and group synchrony
[12,16]. Couples may influence one another as well. When
males or females are maintained in heterosexual pairs,
their locomotor activity pattern significantly differs from their
same-sex paired counterparts [14]. In addition, their distinct
locomotor activity pattern is synchronized with close-proximity
encounters and courtship behaviour, suggesting that the night
time is an ideal time for mating. Although this study indicates
that males seem to drive the timing difference in the mixed
couple, another study indicates that strain-specific temporal
patterns of mating in groups are determined by females [17].
Whether males or females control the pattern of mating may
depend on a difference in the experimental design that evalu-
ates couples on the one hand, and larger groups on the other,
but this remains to be tested. Overall, these results indicate
that social groups influence the timing of circadian rhythms
and that group dynamics may reflect and shape the daily
course of events, but they do not prove involvement of a
circadian clock.

Circadian clock time in flies is generated by an inherited
mechanism that shares homology with many other animals,
including humans. The genetic mechanism is expressed in
the central nervous system in a well-characterized circuit of
neurons that governs behavioural rhythms [18]. There are
also clock cells in peripheral tissues [18]. Such clock cells
have been associated with chemosensory neurons involved
in taste and smell [19,20] and other cells such as the oenocytes
that produce cuticular hydrocarbons [15]. Volatile chemical
signals emitted by flies can synchronize locomotor activity
[12,16], and some cuticular hydrocarbons are known to
modulate mating latency [21]. However, it is not known
whether this contribution of the hydrocarbons regulates
mating over the course of the day. There is a circadian pattern
of accumulation of cuticular hydrocarbons on the body sur-
face of flies [15,22]. The social environment influences the
expression of pheromones, and a portion of this influence is
separable from the circadian regulation of pheromone
expression, because it is evident both in arrhythmic mutants
and in mixed groups composed of arrhythmic mutants and
wild-types [15,22]. Moreover, the social environment influ-
ences the expression of circadian clock genes in the brain
and oenocytes as well as clock-controlled genes in the oeno-
cytes that influence the production of cuticular pheromones
[15]. When wild-type and arrhythmic flies are housed together,
clock gene expression in the head and oenocytes of the
wild-type flies is reduced in amplitude compared with wild-
type patterns in homogeneous groups. These changes in gene
expression correspond to altered patterns of pheromone
expression as well as to increases in the frequency and temporal
distribution of mating [15,23]. Recent work suggests that the
relationship between the clock in the central nervous system
and the clock in the oenocytes is mediated by the neuropeptide
pigment-dispersing factor (PDF) acting as a circulating neuro-
hormone [23]. This suggests that when flies are in groups,
chemical signals are processed via olfactory and gustatory
channels to influence the central clock, which in turn modu-
lates peripheral clocks, resulting in chemical responses. This
neuroendocrine pathway is sensitive to the make-up of the
social environment and modulates levels of reproductive
behaviour. Taken together, these studies indicate that flies
influence one another in groups, that the influence is mediated
by chemical signalling and that the consequences of this
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Figure 1. The circadian timing system mediates social synchrony in Drosophila. The diagram depicts various measurements of social influence on individual gene
expression and pheromones (arrows on the right) and behaviour (arrows on the left). The social group affects clock gene expression in the head (a) and in peripheral
clock cells that make up the oenocytes (b), a tissue where cuticular hydrocarbon pheromones (CHs) are synthesized. The social group also affects CH levels (d) and a
metabolic enzyme, desatT (c), which is requlated by the oenocyte clock (f) [15] and involved in the production of sex pheromones (e). Volatile pheromones affect
locomotor activity (h) [12] and the latency to mate (i) [21]. Social synchrony is mediated by the adjustment of clocks within individuals. Our current hypothesis
suggests that chemical stimuli from other flies alter circadian pacemaker neurons in the brain (g) which in turn regulate peripheral clocks (f) to influence patterns of
communication and behaviour (h—j) [23]. Although effects of light and temperature on clocks are usually discussed in terms of phase, effects of social groups may
also influence amplitude of clock gene expression. In addition, an individual's output may feedback onto the group and onto itself; however, to our knowledge,
these possibilities have not been addressed in the literature. Note that clocks associated with chemosensation are not shown.

communication process alter levels as well as the concerted
temporal pattern of clock gene expression in multiple tissues,
peptidergic signalling within individuals, metabolism of
cuticular hydrocarbons and the daily timing of behaviours,
including locomotor activity and mating (figure 1).

The experiments on social interactions and the clock have
mostly relied on the continuous exposure of each fly to
others. In one study, cyclic exposure of flies to one another
affected the circadian phase of individuals that were already
synchronized to an LD cycle, but did not synchronize the
flies on its own [24]. This begs a question that has not been
addressed in fly laboratory studies: are signals that mediate
social synchrony continuous or pulsatile? In addition,
although the data suggest that airborne signals generated by
flies are sufficient to synchronize locomotor activity rhythms,
when flies interact, they engage and communicate with one
another using a variety of displays that may include visual
postures, motion, touch, taste and smell [25]. Timing signals
that rely on smell and taste require multimodal processing at
the sensory level, and this requirement certainly extends
beyond the chemical senses because taste cannot be separated
from touch in the organism as they both involve physical con-
tact. As a result, it is clear that clock mechanisms underlying
social signalling integrate cues from multiple senses, including
smell and taste, with temporal profiles that can depend on fac-
tors, including photoperiod and temperature. Given this
complexity, the theory of entrainment that has been crucial
for explaining how light signals synchronize biological clocks
[26] may require significant revision for determining the role
of social timing signals. This is especially true when consider-
ing that the organization of circadian rhythms in nature may
not be precisely what has been inferred from studies in the
laboratory. Perhaps understanding the role of the clock in a
real-world ecological context will involve different criteria to
assess how individuals and groups are synchronized.

One caveat is that the circadian system has not been
implicated as a mechanism for social synchrony in all insects.
For example, recent studies on the cockroach Leucophaea
maderae failed to find an effect of social interactions on the cir-
cadian regulation of locomotor activity [27]. While “absence

of proof is not proof of absence’, there is a clear note of cau-
tion associated with this study because the cockroach is a
highly gregarious species.

4. Honeybees (Apis mellifera) and the
synchronization of an insect society

Social insects such as honeybees, ants, wasps and termites live
in colonies consisting of up to a few million individuals who
coordinate almost every aspect of their lives. The temporal
coordination of their activities is thought to be important for
efficient colony functioning and therefore for colony fitness.
The most intuitive aspect of their temporal coordination is
synchronizing their phase of activity (‘social entrainment’).
Honeybees show a colony-level circadian rhythm that is main-
tained in constant light and can be phase-shifted as the rhythms
of individual animals (for review, see [28]). The free-running
circadian period of bees removed from the hive is different
from that of the colony. There is a clear after-effect that lasts
for several days, during which the bees maintain the colony
period before drifting to their own period and phase of activity
[29,30]. These observations are consistent with the premise that
factors in the colony synchronize the clocks of individual bees.

The synchronization of individuals in insect societies is
thought to be functionally significant because it improves
colony efficiency. Workers in these complex societies specialize
in different tasks that might need tight temporal coordination.
For example, honeybee foragers transfer the nectar they collect
during the day to a specialized group of ‘nectar receivers’. The
nectar receivers accept the nectar load, find empty cells and
store the nectar that later will be processed into honey.
The nectar receivers typically stay inside the constantly dark
and thermoregulated hive but still need to fit their phase of
activity to that of the foragers. Synchronizing the clock
of nest bees is also needed for other activities; nest bees as
young as 3 days of age that typically perform in-nest activities
leave the hive for short ‘orientation flights’, which are typically
conducted at a certain time during the day [31]. Even 'nurses’, a
group of typically young nest bees that care for the brood
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around-the-clock with no overt circadian rhythms, show clear
circadian rhythms in locomotor activity shortly after removal
from the hive. Their phase is synchronized to the ambient
day—night cycle [30,32]. Microarray analysis further suggests
that more than 150 transcripts are circadianly regulated in the
brains of around-the-clock active nurses, suggesting that
some brain functions are regulated by entrained pacemakers
[33]. Colony defence poses another temporal challenge and
demonstrates the potential complexity of the temporal organiz-
ation of insect societies. The colony is guarded during both day
and night, but different foes can be expected at different times.
During the day, robbing honeybees from competing colonies,
wasps, hornets and bumble-bees may try to enter the hive;
during the night, the nest may be attacked by large mammals
such as bears and skunks. Is the colony protected by different
troops of guards during the day and the night, or by the same
guards that are active around-the-clock? There is as yet no
answer to this question, but small groups of guards do show
circadian rhythms in their aggressiveness towards bumble-
bee intruders [34]. Lastly, drones and gynes (young virgin
queens) synchronize their mating flights very precisely.
Sasaki [35] reported that mutant drones with degenerated
compound eyes and no lamina or neural connection to the
brain were nevertheless able to precisely time their nuptial
flights, which can be explained by extraretinal photoreception
or by potent social synchronization.

How might the oscillators of individuals in the colony
couple together? A first hypothesis is that the mechanism is
not much different from solitary insects that are typically
entrained by the strong fluctuations in ambient light and
temperature (figure 2a). Foragers and guards spend much
of the daytime outside the hive and can be easily entrained
by cycles in ambient conditions; nest bees also may experi-
ence strong zeitgebers such as light and temperature cycles
when occasionally approaching the nest entrance or other
parts of the nest in which the microenvironment varies
along with ambient conditions [31]. A second hypothesis is
that nest bees do not need to experience ambient fluctuations
per se because they are entrained by direct contact with fora-
gers or other bees that directly experience ambient day —night
cycles (figure 2b). If this hypothesis is supported, then social
network theory may be a useful tool for deciphering the tem-
poral organization of insect societies. A third hypothesis is
that the sum activity of the foragers changes the hive environ-
ment, and these environmental changes in turn reset the
clocks of nest bees; in this way, the entire colony is synchro-
nized to the phase of forager activity and thus to the
environment (figure 2c). A fourth hypothesis is a pure self-
organization model in which the sum activity and metabolism
of all individuals in a group are assembled into oscillations in
the local microenvironment. These oscillations, even if subtle
in the beginning, entrain the clocks of an increasing number
of individuals. As additional individuals are entrained to the
same phase, the oscillations build up into robust local zeitge-
bers that are potent enough to entrain the entire colony
(figure 2d). An additional possibility is that some individuals
in the colony function as a central pacemaker. For example,
Moritz & Sakofski [36] showed that a queen from a colony
entrained to a phase 8h apart from that of a group of
150 workers into which she was introduced shifted the group
metabolic activity by about 1.4 h towards her colony rhythm;
introducing a single worker from the same out-of-phase
colony did not have a similar entraining affect. The relevance
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Figure 2. Possible mechanisms for entrainment of circadian rhythms in honey-
bee colonies. (a) Entrainment by environmental zeitgebers. Both workers
performing outside activities, such as foragers and guards (depicted by an
orange-coloured bee), and nest workers (depicted by a yellow-coloured
bee) are directly entrained by sunlight and temperature cycles. (b) Social
entrainment by direct contact. Bees performing outside activities are
entrained by environmental zeitgebers, and these individuals entrain nest
workers by means of physical or close distance interactions. Entrained nest
bees in turn may socially synchronize other nest bees that have not encoun-
tered foragers. (¢) Entrainment by environmental cycles driven by forager
activity. Foragers that are entrained by environmental zeitgebers are more
active during the day, and their activity changes the colony microenvironment
(pink background), which in turn entrains the clock of other bees in the
colony. (d) Self-organized social synchronization. Active bees change their
environment, and the sum of the activities of all individuals form weak
environmental oscillations that entrain the clocks of an increasing number
of bees. The amplitude of these oscillations increases as more and more
bees are entrained to the same phase and is eventually strong enough to
entrain all the bees in the colony.

of these intriguing findings to large colonies consisting of
several dozen thousand individuals needs to be confirmed.
Of note, the queen typically stays in the dark and thermoregu-
lated parts of the nest and is not exposed to the day—night
cycles to which many workers in the colony need to be
entrained. Moreover, recent observations suggest that in field
colonies, the queen is active around-the-clock with no circadian
rhythms [37,38]. The possibility that other bees in the colony
form a kind of central pacemaker has not yet, to our
knowledge, been investigated.

Only a few studies, mostly with honeybees, have directly
addressed the hypotheses in figure 2. Young nest bees that
are physically restricted to the constant environment of the
inner dark cavity of the hive still show entrained circadian
rhythms in locomotor activity, with higher levels during the
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day ([39], Eban-Rothschild & Bloch 2011, unpublished data).
These findings are inconsistent with the first hypothesis
because they suggest that direct exposure to the ambient
environment is not necessary for the entrainment of nest
bees (figure 2a). Initial studies supported the direct contact
hypothesis (figure 2b) because they reported that groups of
bees that were entrained to different LD regimes formed a
common phase of metabolic activity in experiments allowing
for direct contact but not when separated by a double mesh
[40]. However, later studies [41] showed weak phase synchro-
nization for two groups of workers that were separated by a
thin solid Plexiglas partition; synchronization was improved
when the plexiglass division was punched with holes. By col-
ouring the food with dyes, these authors further showed
that trophalaxis (mouth-to-mouth food transfer) was not
necessary for social phase synchronization. The discrepancies
between the two studies were explained by the strong air
flows and large gap between the two meshes separating the
groups in the first study [40], which were thought to interfere
with social synchronization. These experiments suggest that
social synchronization of worker circadian activity, as in the
case of fruitflies, depends on the variety and timing of phys-
ical cues; it can be achieved without direct contact or
exchange of air (and volatile odorants), but the synchroniza-
tion is improved when air exchange is possible. However,
since metabolic activity was monitored for a group of bees,
it was impossible to distinguish social masking from genuine
social entrainment of the endogenous circadian clock. Our
unpublished results (Eban-Rothschild & Bloch 2011, unpub-
lished data) show strong phase coherence for 2-day-old
bees that were removed from the hive and monitored indivi-
dually in constant conditions. Similar strong phase coherence
was recorded for bees caged in single- or double-mesh enclo-
sures inside the hive, but not for their full-sister bees that
were caged individually or in groups of 30 outside the
hives. These bees kept a stable phase of circadian rhythms
in locomotor activity for one week in the constant conditions
of the laboratory, suggesting that factors in the hive environ-
ment entrained (rather than masked) the circadian clock of
the young bees. The evidence that direct contact is not necess-
ary for the synchronization of bees in the colony is not
consistent with the hypothesis depicted in figure 2b.

Temperature is an attractive time-giver for self-organized
social synchronization (figure 2d) in honeybees or other
cavity- or underground-nesting social insects because it is
effective in a constantly dark nest. Moreover, given that in
insects, the ambient temperature influences metabolic
activity, a feedback loop between temperature and meta-
bolic activity may enforce phase synchronization [41]. There
is indeed evidence that the body temperature of bees may
increase by 10 °C when they are active [42-45]. Thus, this
model can account for the synchronization of bees in a
small group. However, its relevance to typical-size free-
foraging colonies is not clear because it requires initial
entrainment by relatively subtle temperature cycles. Honey-
bee colonies are tightly thermoregulated, specifically in the
brood area [46,47], and in controlled experiments minimal
temperature oscillations of 8-10°C were needed to entrain
circadian rhythms in bees [42,43,48]. Other surrogates of
bee activity such as humidity, CO, levels [49], volatile
pheromones or comb vibrations may drive a similar self-
organization of circadian rhythms. Additional studies are
needed to further test this interesting model.

Taken together, the studies with honeybees suggest that [ 5 |

the circadian rhythms of individual bees can be synchronized
by surrogates of worker activity that build into fluctuations in
the microenvironment capable of entraining the rhythms of
bees in the colony to a common phase. In free-foraging colo-
nies in the field, it seems that forager activity is the most
important driver for oscillations in the colony environment,
and since the foragers are entrained by ambient day-night
cycles, the entire colony is in phase with the environment
(figure 2c). The surrogates of worker activity that are respon-
sible for the entrainment of the nest bees are still to be
discovered. Importantly, the hypotheses above are not
mutually exclusive; direct contact with the queen or other
workers, oscillations in the colony environment and exposure
to ambient zeitgebers outside the hive may all influence the
phase of circadian rhythms of nest bees.

5. Suprachiasmatic nucleus and the synchrony of
cellular circadian oscillators

Behavioural rhythms in insects and mammals appear to be
the product of complex brain pacemakers that are composed
of multiple individual cellular circadian oscillators. Recent
advances in measuring real-time gene expression and electro-
physiological activity in cells and tissue slices have begun
to reveal how component oscillators are coupled together
to create a coherent pacemaker output signal. If cells in circuits
and animals in communities share some network design
principles for synchronizing their circadian oscillators,
then insights made at one level may inform understanding
at the other.

In vertebrates, the suprachiasmatic nucleus (SCN) is the
master circadian pacemaker that determines daily rhythms in
a wide range of behaviours and physiological events. The
period of the daily rest—activity cycle has, with few exceptions,
been shown to be determined by the SCN in vivo [50-52] or
correlated with the period of the SCN in vitro [53-55]. The
precision of these behavioural rhythms has been described as
remarkably high; for example, the onsets of daily running
wheel activity in rodents can have a standard deviation of
less than 2 per cent of the average period in the absence of
environmental timing cues [26,56,57]. Remarkably, this pre-
cision is also present in the rhythms of the isolated SCN [58],
indicating that the cells of the SCN determine the period and
precision of daily behaviours. Although this has been studied
at the cellular level, it is not yet clear if interactions between
animals also modulate circadian precision.

How do the cells of the SCN collectively decide on the
period they will express? Cell-cell communication synchro-
nizes the periods of the constituent oscillators and establishes
the period of the SCN. When the cells of the SCN are prevented
from communicating with each other, they express their own
cell-autonomous rhythms with periods that range from
approximately 16 to 36h [58,59-62]. Critically, the mean
period of the cells depends on those genes that set the circadian
period of the behaviour [53-55,63]. When they are allowed to
communicate, SCN neurons converge towards an intermediate
period [64].

In the absence of cell-to-cell communication, the precision
of SCN cellular rhythmicity decreases. For example, cycle-to-
cycle variability (standard deviation of their period) increases
10-fold to approximately 2h [58,62,63]. Although little is
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known about the source of circadian precision, computational
models have predicted that coupling between nonlinear oscil-
lators can synchronize and stabilize the periods of the
component oscillators [65-67]. A recent model of isolated
SCN cells was able to capture their large changes in circadian
period [62]. This model included molecular noise and
revealed that small changes in the repression rate of trans-
cription of the ‘clock” gene Bmall could alter a cell’s period
dramatically. The authors concluded that cell-cell communi-
cation could act on the repression of Bmall transcription to
stabilize circadian cycling. As in the case of fruitflies of
mixed genetic backgrounds [12,16], and honeybees in a
colony [29], the rhythmic phenotype of an individual can
be altered by interaction with other oscillating individuals.

The intact SCN is likely comprised of thousands of circadian
cells, with each cell capable of autonomous rhythm generation
([61,62]; but see [68,69]). It is clear that SCN cells are a hetero-
genous population with distinct oscillatory properties [61,
70-72]. Computational models have predicted that inclusion
of more damped oscillators or placement of damped oscillators
at more highly connected hubs in the network can yield higher
and faster synchrony [73-78]. Notably, animals with as little
as 25 per cent of SCN cells still show circadian rhythms in loco-
motor behaviour [79-82]. Taken together, these results indicate
that many cells can contribute, but fewer are required, to sus-
tain circadian rhythmicity. One study estimated that the
precision of SCN and behavioural cycling could be determined
by as few as 25 coupled circadian cells [58]. For the future, it will
be intriguing to contrast the number of cells required for
synchrony and rhythm precision within the SCN with the
number of individuals required within an animal group.

Synchrony among cells in the SCN has been disrupted with
genetic knockouts and drugs. For example, blocking neuronal
spiking [78,83], synaptic vesicle recycling [84], signalling of
vasoactive intestinal polypeptide (VIP) through its cognate
receptor (VPAC2) [85-87] or the production of cyclic AMP
[88], all result in similar dispersion of the periods and precision
of SCN cells. Each of these has resulted also in lower amplitude
rhythms in the individual oscillators. In some cases, synchrony
can sustain rhythms in otherwise genetically weakened
oscillators [63,72] (but see [89]). In the case of the loss of
Bmall, for example, isolated cells show no rhythms in gene
expression, but SCN tissue can show oscillations in the range
of 24 h [72]. These oscillations were abolished by blocking
action potentials or cyclic AMP production, further indicat-
ing that cell-cell communication rescued the rhythms in the
otherwise arrhythmic cells.

Phase synchrony among SCN cells changes with seasons.
The times of peak firing rate and gene expression of single
SCN cells spread more during long days compared with
short days [90-95]. These changes in the SCN are paralleled
by changes in the daily profile of circulating hormones and
waveform of locomotor activity (reviewed in [96]). Two simi-
lar models have been proposed to underlie this photoperiodic
phase dispersion. They propose that long days weaken
specific [97] or all [98] connections in the SCN to allow the
cells to disperse their phases. In the extreme, constant light
can lead to arrhythmic locomotor behaviour and desyn-
chrony among SCN cells [99]. This has been modelled as
chronic release of VIP leading to a loss of synchrony [100].
Not yet known is whether the cues among SCN cells must
be pulsatile, sinusoidal or constitutive to sustain synchrony
among the component oscillators.

Table 1. A summary of properties of oscillatory systems that have been
measured in cells of the SCN. Note that many properties are either not yet
quantified or we do not yet have the methods to measure them.

properties of

measures from SCN cells

oscillatory systems

period mean over time, cycle-to-cycle variability
. amphtude B meanmagmtudedampmgrate AT A
synchrony [ penoddlstnbutlon phasedlstnbutlon
(e.g. synchronization index)
P O
e
e
e
couplmgstrength e

Does the degree of phase synchrony have an impact on
the collective behaviour of the population? The answer is a
definitive ‘yes, but’. Seasonal changes in phase synchrony
in the SCN coincide, for example, with changes in response
to night-time light; after short days, light at night shifts the
SCN more [98,101-103]. Consistent with this, when isolated
from animals maintained on short days, the SCN also shifts
more to N-methyl-p-aspartate stimulation during the early
subjective night [98]. This suggests that photoperiod-induced
decreases in phase synchrony reduce the responsivity of
the system to perturbation. Interestingly, treatments that
drastically reduce synchrony in the SCN appear to increase,
rather than decrease, its sensitivity to entraining signals
in vitro [104,105]. For example, blocking action potentials or
cyclic AMP production increases the SCN’s range of entrain-
ment to temperature cycles [104]. This has been modelled as
weakened coupling reducing the rhythm amplitude of the
individual oscillators. Oscillators with lower amplitude
typically shift more to a given stimulus. Thus, reducing syn-
chrony without reducing the amplitude of the component
oscillators may allow the SCN to adjust to long days, but at
the cost of reduced ability to adjust to changes in the light
cycle. Further reducing synchrony to the point of uncoupling
actually increases the ability of the system to shift, perhaps
because the amplitudes of the component oscillators decrease.

Table 1 summarizes the properties of oscillatory systems
that can influence oscillator synchrony and identifies those
that have thus far been measured in the SCN.

6. Coda

Here, we have considered the problem of mutual synchroniza-
tion on the circadian scale—from colony, to organismal, to
cellular levels—sharing the common feature that they arise
from a network of coupled oscillators that synchronize their
periodic behaviours to one another. It is clear that interactions
among oscillators can have dramatic effects on the timing
(phase and synchrony) and robustness (response to pertur-
bations) of group behaviour, but the underlying mechanisms
are not clear. The relative importance of direct contact between
interacting individuals versus changes in the common environ-
ment may vary between animal species in ways that are
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currently not understood. Based on the available evidence, we
expect to find diverse mechanisms and convergent evolution in
multiple species and circuits, with differential roles for entrain-
ment and masking. Future research must include sophisticated
analytical methods that, for example, do not demand invar-
iance of cycle-to-cycle period and amplitude over time.

It is intriguing to consider how biological, physical and
mathematical oscillators establish synchrony and whether
such rules—irrespective of the level of biological organization
and evolutionary trajectory—might then relate to shoals of
fish, groups of flies, colonies of bees and cells in the SCN.
On this we have no answer, other than highlighting some
intriguing observations in this review: that individual white
suckers and some genetically compromised cells in the SCN
are arrhythmic, but rhythmicity can emerge when the fish
and the cells are networked as shoals and tissue slices, respect-
ively; that the putative coupling factors, PDF in flies and VIP
in mammals, both act via related G-protein-coupled secretin-
like receptors that access the pacemaker mechanism in target
cells via increases in cyclic AMP; and that robust synchroniza-
tion in the bee hive, which appears to be largely mediated by
oscillations in the colony environment rather than by direct con-
tact, may be analogous to thermal, paracrine and endocrine
mechanisms for cellular coupling within an organism.

Temporal niche switching—plasticity of group chronotype—
is probably critical to survival in dynamic, challenging environ-
ments. Do increases in the number of interacting players, the
number of connections or the strength of their interactions
(implicated in robust synchronization of cellular oscillators)
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