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T
he pineal gland of house spar-
rows was one of the first bio-
logical clocks believed to act as
a circadian pacemaker. This

view came from brilliant experimental
studies by Menaker and coworkers (1, 2)
demonstrating that removal of the pi-
neal gland caused arrhythmic behavior
and transplantation of pineal glands into
pinealectomized arrhythmic birds re-
stored locomotor rhythms. Takahashi
and Menaker (3) extended this view by
providing evidence for the multioscilla-
tory nature of the house sparrow circa-
dian system, demonstrating the presence
of hypothalamic components and the
necessity of coupling of oscillators to
maintain rhythmicity. The interesting
suggestion of two oscillators remaining
in the hypothalamus of pinealectomized
sparrows found experimental evidence
20 years later when rhythmic and pineal-
independent clock gene expression was
found in two cell groups of the house
sparrow hypothalamus: the suprachias-
matic nucleus (SCN) and the lateral hy-
pothalamic nucleus (4–6).

Mammalian Circadian Organization:
A Single Pacemaker or Multiple
Oscillators?
In a recent issue of PNAS, Yoo et al. (7)
used a PERIOD2::LUCIFERASE fusion
protein as a real-time reporter to demon-
strate that cultured neural and nonneural
peripheral tissues of the mouse, including
SCN, pituitary, liver, lung, and kidney,
exert comparable self-sustained circadian
oscillations. Again, it seems that a pace-
maker, this time the hypothalamic SCN of
a rodent, has to resign from its ‘‘major
function.’’ Dogmas, like the one of the
SCN being the circadian pacemaker in
mammals, can certainly stimulate re-
search, but sometimes weaken scientific
objectivity in the assessment of evidence.
This becomes clear when looking back at
how the mammalian SCN became a
‘‘pacemaker.’’ At about the time when
Menaker and coworkers (1–3) unraveled
the enigma of avian circadian organiza-
tion, a small hypothalamic cell group, the
SCN, was identified to be the major driv-
ing force of rhythmic behavior in mam-
mals. As with the house sparrow pineal
gland, lesions of the SCN in rodents abol-
ished rhythms of physiology and behavior,
and transplantation of SCN tissue into

SCN-ablated arrhythmic animals restored
these rhythms (8–11). The dogma of the
circadian pacemaker was born. For many
years, understanding of mammalian circa-
dian organization was determined by the
assumption that only the SCN contained
autonomous circadian oscillators solely
driving overt rhythmicity. The house spar-
row and its multioscillatory system fell
into oblivion and the mammalian SCN
became the unequalled circadian ‘‘model
system’’ (12).

The initial findings of clock gene
rhythms in peripheral tissues and fibro-
blasts significantly extended our view
of circadian organization at the whole-
organism level (13–15). However, the
dogma survived, and the SCN asserted its
supremacy because circadian oscillations
in peripheral tissues damped quickly, and
cultured fibroblasts even needed a serum
shock to oscillate (13–15). By making use
of the central role of the Per2 gene in the
mammalian circadian system (16) and fur-
ther developing the ‘‘Per::Luc technique,’’
Yoo et al. (7) provide convincing evidence
that peripheral circadian oscillations are
self-sustained. Even more remarkable is
the fact that circadian oscillations in
peripheral tissues isolated from SCN-
lesioned arrhythmic mice were still rhyth-
mic, but their phasing was affected indi-
cating desynchrony among tissues of
individual animals and among animals. By
extending the molecular approach to the
whole-organism level, the results of Yoo
et al. (7) suggest that the SCN does not
act as a pacemaker but as an internal syn-
chronizer, per definition a so-called ‘‘Zeit-
geber,’’ within the mammalian circadian
system, and the authors raise the interest-
ing question of whether the supremacy of
the SCN still holds. Indeed, neither the
presence of a rhythm-generating molecu-
lar clockwork nor the autonomous mainte-
nance of circadian oscillations is a unique
property of the SCN, but should we re-
place the SCN as a model system for
studying circadian mechanisms (17)? As
exemplified by Yoo et al. (7), we should
use neither the SCN nor fibroblasts alone
as model systems, but extend the spec-
trum of cells and tissues that we look at.
The reductionistic approach has proven to
be highly effective to explain and model
the intracellular clock mechanism (18).
However, understanding of circadian or-
ganization at the whole-organism level

requires a holistic rather than a reduction-
istic approach.

Coordinated Rhythmicity at the
Whole-Organism Level Is the Result of
Entrainment, Time Coding, and Internal
Synchronization
Aschoff (19, 20) worked out important
formalisms and rules that describe circa-
dian oscillations based on observations of
general physiology and behavior in birds
and mammals, including humans. He
described circadian systems as multioscil-
latory and defined ‘‘internal synchroniza-
tion,’’ i.e., the timed coordination of a
multiplicity of individual oscillators with-
out the need of an external Zeitgeber, as
a central process of circadian organization
at the whole-organism level (19, 20). It
was the holistic view represented by pio-
neers such as Aschoff that formed our
understanding of the general regulations
of circadian rhythms. In consideration of
the principles of circadian oscillations as
well as recent discoveries of light entrain-
ment mechanisms (21), the molecular cir-
cadian machinery (18), the time-coding
capacity of circadian oscillators (22, 23),
and the functional organization of the
SCN (24) and its output signals (25), as
well as the presence of self-sustained cir-
cadian oscillators in neural and nonneural
peripheral tissues (7), we may be better
able to sketch the essential steps of mam-
malian circadian organization at the
whole-organism level (Fig. 1). For the
maintenance of the temporal order within
the organism, two processes appear cen-
tral: the phase-setting effects of external
Zeitgebers, i.e., entrainment, and the in-
teraction between oscillators within the
organism, i.e., internal synchronization.
Entrainment is accomplished by a cascade
of events that start with the perception of
light by retinal neurons localized in the
ganglion cell layer projecting toward the
SCN and resetting the circadian clock (18,
21). Within the SCN, the light message is
processed (24), and biological time
adjusted to it and internalized by a yet
unidentified mechanism that leads to a
time-coding circadian oscillation reflecting

See companion article on page 5339 in issue 15 of volume
101.

*E-mail: r.brandstaetter@bham.ac.uk.

© 2004 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0401378101 PNAS � April 20, 2004 � vol. 101 � no. 16 � 5699–5700

C
O

M
M

E
N

T
A

R
Y



the environmental ratio of light and dark
within the 24-hr frame (22). Entrainment
is completed and the process of internal
synchronization starts. The SCN uses dis-
tinct types of output signals to spread the
circadian message all over the brain and
the body: direct and indirect neuronal
projections (25) as well as the secre-
tion of diffusable polypeptides (18).
Interestingly, neuronal projections are
not necessary to maintain circadian os-
cillations of behavior but to maintain
the rhythmic and time-coding melatonin
signal of the pineal gland that is essen-

tial for the regulation of annual rhythms
(28). Do these two types of output sig-
nals represent two major functions that
the SCN has to master, i.e., to act as a
Zeitgeber coding time of day and time
of year? Just as the SCN has to decode
the light message originating from the
retina, neural and peripheral oscillators
have then to decode signals originating
from the SCN and adjust their biologi-
cal time, a process that may involve a
variety of interaction and feedback
mechanisms, as well as organ-specific
synchronizers at the cell and tissue level,

to complete internal synchronization.
The result is a coordinated rhythmicity
of general physiology and behavior of
the animal reflecting the environmental
light–dark cycle that feeds back on en-
trainment as how and when the animal
is exposed to light is a consequence of
the activity of the animal. This is where,
at the whole-organism level, the loop
closes and the circadian cycle starts into
a new day. The mammalian SCN, as
with the house sparrow pineal gland, has
still to be regarded as being superior to
other self-sustained circadian oscillators
because of the capacity to code and in-
ternalize environmental time (22, 23)
and its role as an internal Zeitgeber,
coordinating a variety of neural and
nonneural peripheral circadian oscilla-
tors to adjust biological time to the en-
vironment (7).

Factors other than light can affect
entrainment (18), and species-specific
circadian particularities (26, 27) raise
more questions that need to be an-
swered. Hopefully, future comparative
studies will elucidate how organisms at
different phylogenetic levels have found
distinct solutions for the common de-
mand to cope with the solar day and
whether recent findings of a close link
of circadian mechanisms with early de-
velopment and cell cycle regulation
open fascinating new perspectives of
circadian clock function (28). The mo-
lecular era of circadian research has
brought tremendous progress in our un-
derstanding of circadian mechanisms
and provided the basis for fascinating
methodological tools such as the one
presented by Yoo et al. (7). One might
agree that almost any cell type may
serve as a model cell for the investiga-
tion of basic molecular circadian mecha-
nisms, but to understand the function of
biological clocks at the whole-organism
level we need comparative and interdis-
ciplinary, i.e., holistic, approaches.
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Fig. 1. Mammalian circadian organization at the whole-organism level. Entrainment begins with the
perception of light in the retina [RET; light input, shown as either long day (LD) or short day (SD)] and the
transmission of photic information, reflecting the ratio of light and dark, to the SCN. Resetting of the clock,
adjustment of biological time, internalization of environmental time, and encoding into particular output
signals take place in the SCN. Internal synchronization is accomplished by spreading time-coded infor-
mation to self-sustained neural oscillators (NO) and peripheral oscillators (PO). Biological time in NO and
PO is adjusted, and a cascade of interaction and feedback mechanisms in NO and PO, as well as between
NO and PO, and feedback signals toward the SCN result in coordinated rhythmicity of general physiology
and behavior at the whole-organism level (ORG) that reflects the environmental light–dark cycle and may
species-specifically be adjusted to the light (diurnal, D) or dark (nocturnal, N) phase. Molecular circadian
rhythms are generated at all levels of organization. ‘‘Self-controlled feedback,’’ i.e., the determination of
light input to the system by the activity of the animal, closes the loop, and the circadian cycle starts again.
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