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Transcriptional Feedback Oscillators:
Maybe, Maybe Not . . .
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Abstract The molecular mechanism of circadian rhythmicity is usually modeled
by a transcription/translation feedback oscillator in which clock proteins negatively feed back on their own transcription to produce rhythmic levels of clock
protein mRNAs, which in turn cause the production of rhythmic levels of clock
proteins. This mechanism has been applied to all model organisms for which
molecular data are available. This review summarizes the increasing number
of anomalous observations that do not fit the standard molecular mechanism
for the model organisms Acetabularia, Synechococcus, Drosophila, Neurospora, and
mouse. The anomalies fall into 2 classes: observations of rhythmicity in the
organism when transcription of clock genes is held constant, and rhythmicity
in the organism when clock gene function is missing in knockout mutants. It is
concluded that the weight of anomalies is now so large that the standard
transcription/translation mechanism is no longer an adequate model for circadian
oscillators. Rhythmic transcription may have other functions in the circadian
system, such as participating in input and output pathways and providing
robustness to the oscillations. It may be most useful to think in terms of a circadian system that uses a noncircadian oscillator consisting of metabolic feedback loops, which acquires its circadian properties from additional regulatory
molecules such as the products of canonical clock genes.
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“All circadian oscillators are based on transcriptional
feedback loops involving the canonical clock genes.”
This statement, or versions of it, can be found somewhere in the introduction to nearly every review on
circadian rhythms and most primary data papers dealing with molecular mechanisms published in the past
10 years. (A survey of the references in this review
found a similar statement in 8 out of 11 reviews and 16
out of 28 data papers, excluding my own.) It has sometimes been presented as an orthodoxy almost immune
to criticism. As a congenital iconoclast, I am irresistibly

attracted to the challenge of breaking down orthodoxies,
and to that end I collect reports of anomalies that run
counter to the predictions of this widely accepted
model. Such anomalies have been increasing in frequency in recent years, to the point where this model is
no longer universally accepted as a literal description of
clock mechanisms. This review describes what I believe
are the most salient examples of circadian systems that
defy the predictions of the orthodox model.
Let me begin by defining the version of the orthodox model that I am considering (Fig. 1A). In this
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Figure 1. Transcription/translation oscillator (TTO) models for circadian clocks. (A) Generic TTO model with 2 interlocked loops. Clock
gene 1 is transcribed into RNA and translated into protein. Clock protein 2 positively regulates transcription of clock gene 1. Clock protein 1 negatively regulates its own transcription by interfering with the positive effect of clock protein 2. Clock protein 1 also positively
regulates production of clock protein 2, via either transcription or translation. Black bar represents gene coding sequence, gray bar represents transcription control regions. Biosynthetic pathways are shown as solid lines with arrowheads. Positive influence is shown as a
solid line with circle head. Negative influence is shown as a dashed line with square head. Nuclear/cytoplasmic compartmentation, phosphorylation, degradation pathways, environmental inputs, and outputs to clock-controlled genes and observed rhythms have been omitted. (B) TTO model for Drosophila. A complex of CLK and CYC proteins activates transcription of per, tim, and vri genes. (Pdp1εε has been
omitted for simplicity.) A complex of PER and TIM proteins inhibits the positive effects of CLK/CYC. VRI protein represses transcription of Clk. PER and TIM inhibit their own transcription, while simultaneously activating clk transcription by inhibiting expression
of vri, and therefore per and tim RNA cycle in antiphase to clk RNA. CYC protein levels are not rhythmic. Derived from Hardin (2004).
(C) TTO model for Neurospora. A complex of WC-1 and WC-2 proteins activates transcription of the frq gene. FRQ protein inhibits
the positive effect of WC-1/WC-2 and also activates synthesis of WC-1 protein. Positive effects of FRQ on WC-2 expression are omitted;
WC-2 protein levels are not rhythmic. Derived from Dunlap and Loros (2004). (D) TTO model for mammals. A complex of CLOCK and
α genes. A complex of PER1, PER2, CRY1, and CRY2 proteins
BMAL1 proteins activates transcription of Per1, Per2, Cry1, Cry2, and Rev-Erbα
α protein represses transcription of Bmal1. CLOCK RNA and protein levels
inhibits the positive effects of CLOCK/BMAL1. REV-ERBα
may oscillate with a low amplitude. Derived from Hardin (2004) and Hastings and Herzog (2004).
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model, there is a small set of identified “canonical
clock genes” whose transcription is rhythmic and
whose protein products feed back (directly or indirectly) to negatively regulate their own transcription.
Rhythmic transcription causes rhythmic levels of
RNA, rhythmic RNA causes rhythmic levels of proteins, and rhythmic levels of protein cause rhythmic
transcription. Other factors, such as posttranslational
modifications of proteins, nuclear import, interlocked
loops, and so forth, may affect the time lags in the
system and hence the period, and may affect the
amplitude and hence the sustainability of the rhythms,
but the driving engine for rhythmicity of the organism
is rhythmic transcription of clock genes. I will use the
abbreviation TTO (transcription/translation oscillator)
as shorthand for this model. In the context of this
review, TTO refers only to the feedback loops proposed for the identified canonical clock genes and not
to the general idea of transcriptional/translational
feedback loops. There may be such loops participating
in rhythm generation that have not yet been identified.
The orthodox model makes many predictions
about the behavior of organisms and genes, but 2 predictions are, I think, particularly critical. If the standard model for a clock mechanism driven by rhythmic
transcription of clock genes is correct, then it follows
that 1) holding transcription of clock genes constant
should lead to arrhythmicity of the organism, and
2) knocking out the canonical clock genes should also
lead to arrhythmicity of the organism. If these predictions fail, then we must conclude that rhythmic transcription of canonical clock genes is not required for
rhythmicity of the organism. (In my view, it is not necessary for rhythmicity in knockout mutants to be fully
normal in its circadian characteristics in order to falsify the TTO hypothesis.) It is my contention that in
every system that has been tested, one or the other of
these predictions has failed. I would like to review
5 model systems in which these predictions have been
tested with varying degrees of rigor: Acetabularia,
Synechococcus, Drosophila, Neurospora, and mammals.
Most of these systems have been extensively and
repeatedly reviewed in the literature. I have chosen to
reference primarily the authoritative reviews published in the October 2004 special issue of the Journal
of Biological Rhythms (volume 19, issue 5, pp 339-458).

REMEMBER ACETABULARIA!
Acetabularia was historically one of the pioneer
organisms in circadian research, but it has fallen out
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of favor recently. An excellent summary of the work
on this organism up to 1988 can be found in the invaluable monograph by Edmunds (1988). A review by the
major investigators of Acetabularia rhythms was published in 1986 by Schweiger and colleagues. A summary of Acetabularia as an experimental system is also
available (Mandoli, 1998). Acetabularia is a singlecelled marine alga found in shallow waters near coral
reefs. In the vegetative phase, it consists of a foot, or
rhizoid, with which it attaches to the seabed, and
a long stalk, up to 5 cm long (yes, cm, not mm!). At
sexual maturity, it produces a cap in which nucleated
gametes are formed. For most of its life, however, this
giant cell gets along with a single nucleus in the rhizoid. What makes this organism useful for our purposes is that it can survive for many days after the
nucleus-containing rhizoid is removed. These enucleated cells, and even parts of cells, can continue to photosynthesize with circadian rhythmicity for up to 7 weeks.
Rhythms in chloroplast movement have also been
demonstrated in enucleated cells (Woolum, 1991).
Inhibitors of both nuclear and organellar RNA synthesis do not abolish photosynthetic rhythmicity in
anucleate cells, but inhibitors of protein synthesis on
80S ribosomes will shift the phase and inhibit the
rhythm of photosynthesis. These results demonstrate
that daily transcription, from either the nuclear or
organellar genomes, is not required to maintain rhythmicity, although protein synthesis is required. This
does not necessarily implicate rhythmic protein synthesis; it merely indicates that some proteins may be
short lived and require replacement. These cells are
capable of storing long-lived RNAs in the cytoplasm,
which accounts for their longevity in the absence
of a nucleus. The conclusion from the work with
Acetabularia is that rhythmic transcription of any gene
is not required for rhythmicity of the organism, and
so our 1st prediction of the TTO model is falsified. But
is Acetabularia a special case? Is this bizarre giant single
cell so unique in its biology that this anomaly can be
safely ignored as a challenge to the TTO?

SYNECHOCOCCUS: A CLOCK IN A TEST TUBE
The most spectacular demonstration possible of
circadian rhythmicity in the absence of rhythmic
transcription of clock genes has been published
recently by Kondo’s group (Nakajima et al., 2005).
The properties of circadian rhythmicity in the cyanobacterium Synechococcus have been reviewed repeatedly (Bell-Pedersen et al., 2005; Ditty et al., 2003;
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Iwasaki and Kondo, 2004; Johnson, 2004; Mittag,
2001), and I will focus only on those aspects that are
relevant to the TTO model. Three genes, kaiA, kaiB,
and kaiC, are required for rhythmicity; deletion of
any 1 of them abolishes rhythmicity of the organism,
and mutations in these genes can change the period.
KaiB and KaiC proteins are rhythmic in amount, and
rhythmic transcription of the kaiBC operon is inhibited by KaiC protein overexpression in an apparent
feedback loop. KaiC autophosphorylates and is
rhythmic in its phosphorylation state. A pulse of KaiC
overexpression can reset the phase of the clock. The
bacterial circadian system therefore began to resemble
the eukaryotic model systems, and a transcription/
translation feedback oscillator model was proposed
for Synechococcus (Ishiura et al., 1998) based on analogy
with Drosophila and Neurospora.
The evidence for a TTO operating in this bacterium
was weakened by the observation that feedback inhibition of kai gene transcription does not require kaispecific promoters (Ditty et al., 2003; Xu et al., 2003;
Nakahira et al., 2004), and the kinetics of the oscillator
seemed to rely on the autophosphorylation of KaiC
more than transcriptional control. Tomita et al. (2005)
directly tested the TTO model by determining whether
rhythmic expression of kaiBC is required for rhythmicity of the organism. Synechococcus is a photosynthetic
organism and requires light to maintain metabolic
activity; in constant darkness, transcription and translation are suppressed. These authors found that in DD,
in spite of nearly undetectable levels of kaiBC RNA,
and even in the presence of inhibitors of transcription
and translation, the rhythmic phosphorylation of KaiC
protein continued. The robust cycling of KaiC phosphorylation state was circadian in period and temperature compensated.
The coup de grace for the TTO model in
Synechococcus was delivered by Nakajima et al. (2005)
in an article that I believe is the most significant publication in chronobiology in many years and is destined to be a classic. KaiC protein had been shown
previously to have both autophosphorylation and
autodephosphorylation activities. KaiA enhances
autophosphorylation of KaiC, while KaiB inhibits the
effect of KaiA, suggesting that interactions between
these 3 proteins could generate the oscillation of
KaiC phosphorylation. These authors mixed purified
recombinant KaiA, KaiB, and KaiC proteins in vitro in
ratios similar to in vivo ratios, added some adenosine
triphosphate, and assayed KaiC phosphorylation. The
result was stunning: a 24-h, self-sustained, temperaturecompensated rhythm of phosphorylation; a clock in

a test tube. As an extra bonus, Nakajima et al. assayed
the in vitro rhythms of KaiC proteins with mutations
that alter the in vivo periods and found similar
effects on the in vitro periods, clinching the demonstration that “KaiC phosphorylation is the molecular
timer for the circadian rhythm of Synechococcus”
(Nakajima et al., 2005, p 415).
Note that all the apparatus of a TTO is apparently
present in Synechococcus: clock genes essential for
rhythmicity, rhythmic transcription of those genes,
rhythmic protein levels, and apparent feedback of
those proteins onto their own transcription. And yet,
none of that apparatus is required to generate circadian rhythmicity. But is this in vitro rhythm of protein
phosphorylation just a fluke? Does “real” circadian
rhythmicity, with output that drives rhythmic photosynthesis, etc., require the whole TTO? And do prokaryotes really matter when what many people are
ultimately interested in is the mechanism of rhythmicity in animals like us? I believe the significance of
these results with Synechococcus and Acetabularia is to
warn us that we should approach the TTO models in
other organisms with skepticism and demand rigorous
tests of our predictions. We should not be too quick
to apply the TTO model to any organism with feedback regulation of putative clock genes (Salomé and
McClung, 2004).

DROSOPHILA: IS THE GLASS HALF FULL
OR HALF EMPTY?
The TTO was first applied to data from Drosophila
15 years ago, in a landmark paper proposing negative feedback regulation by the PER protein onto its
own transcription (Hardin et al., 1990). Very briefly,
the current model (Hardin, 2004) is as follows (Fig. 1B):
A complex of CLK and CYC proteins activates transcription of per and tim genes. A complex of PER and
TIM proteins interacts with CLK-CYC to inhibit transcriptional activity. The per and tim genes are thereby
rhythmically transcribed, driving rhythmic PER and
TIM protein levels. The VRI protein represses Clk
transcription, and Clk cycles in antiphase to per and
tim due to the inhibition by PER-TIM of vri transcription (Fig. 1B). In this model, posttranslational
processes are considered to be important for period
and amplitude of the rhythm, but transcriptional
control is the core of the oscillator. This model makes
several strong predictions, including the following:
1) Antiphase cycling of Clk and per transcription
is essential to the feedback loop, and 2) rhythmic
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transcription of per and tim is required for sustained
rhythmicity.
The 1st prediction concerns the interlocked loop of
VRI and CLK that provides the positive factor for
rhythmic transcription from E-boxes, including PER
and TIM. Clk RNA cycles in antiphase to per and tim
RNA, and these rhythms are assumed to be generated by the activity of the various activator and
repressor proteins. Rhythmic RNA levels are in turn
assumed to be at least partly responsible for generating rhythmic protein levels. The logic of the feedback
loops requires some functional role for rhythmic RNA.
A direct test of the functional role of rhythmic Clk
RNA was carried out by expressing Clk from a per
or tim promoter (Kim et al., 2002). This resulted in Clk
RNA expressed at the same phase as per and tim,
rather than antiphase, but no major effects were
found on the cycling of CLK protein or the behavioral rhythmicity of the flies. In other words, the
rhythmicity of Clk RNA appears to have no functional significance. This problem with the current
model of the “2nd loop” is not a fatal flaw in the basic
TTO model: The 2nd interlocked loop is not required
to generate rhythmicity, and its role may be more concerned with stability, time delays, or output pathways
(Hardin, 2004).
The 2nd prediction is more fundamental to the
logic of the TTO model. Feedback of PER and TIM
proteins on their own transcription, and subsequent
generation of rhythmic PER and TIM levels by rhythmic RNA levels, is proposed to be the core of the
rhythm generator. However, as others have pointed
out before (Harms et al., 2004; Yang and Sehgal,
2001), several lines of evidence suggest that rhythmic
levels of PER and TIM proteins are not dependent on
rhythmic levels of mRNA. Expression of the per gene
can be driven by other promoters that are not subject
to PER/TIM feedback, producing constitutive levels
of per RNA; yet the PER protein levels continue to
cycle, and behavioral rhythmicity can be restored to
arrhythmic per mutants in some cases (Cheng and
Hardin, 1998; Frisch et al., 1994; Vosshall and Young,
1995). In these experiments, the cycling of PER protein might be attributed to rhythmic TIM levels
because TIM is important for stabilizing PER protein.
Constitutive expression of tim was also found to produce cycling TIM protein levels and behavioral
rhythmicity in spite of the absence of tim RNA
cycling (Yang and Sehgal, 2001). The crucial experiment was carried out by Yang and Sehgal (2001):
What happens when both per and tim are constitutively expressed? The answer is that both proteins
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continue to cycle, and behavioral rhythmicity can be
restored in null mutant flies.
One criticism of this work (Yang and Sehgal, 2001)
is that rhythms in the double-constitutive flies are
somewhat weak: About 42% of flies were rhythmic,
and an additional 13% were classified as “weakly
rhythmic.” This can be interpreted as evidence that
the normal feedback that produces RNA cycling is
“important” for function (Hardin, 2004). This is the
glass-half-empty attitude: only half the flies were
rhythmic. I agree that rhythmicity in these flies is not
normal, but I take the glass-half-full attitude: as
many as half were rhythmic. My question is, What
makes those 50% rhythmic? It isn’t a transcriptional
feedback oscillator centered on per and tim. As with
Clk, RNA cycling of per and tim is clearly important
for robustness, but it is not required for rhythmicity.
However, all the evidence to date does suggest that
rhythmic PER and TIM protein levels are required for
behavioral rhythmicity.

NEUROSPORA: A PLETHORA OF FRQ-LESS
OSCILLATIONS
The examples cited above for Acetabularia,
Synechococcus, and Drosophila concern the question of
whether rhythmic transcription of canonical clock
genes is required for rhythmicity in the organism.
Acetabularia does not require rhythmic transcription
of any genes for rhythmic photosynthesis and chloroplast movement. In Synechococcus, Kai proteins may
be able to produce rhythmic KaiC phosphorylation in
vivo when the protein levels are constant. Currently,
it appears that posttranscriptional and posttranslational mechanisms (Harms et al., 2004) may produce
rhythmic levels of the PER and TIM proteins to sustain
rhythms in Drosophila. The experiments described in
the preceding sections have broken the link between
rhythmic transcription of clock genes and output
rhythms and falsify the 1st of my 2 critical predictions from the TTO model: Holding transcription of
clock genes constant should lead to arrhythmicity of
the organism.
My 2nd critical prediction is that knocking out
the canonical clock genes should lead to arrhythmicity
of the organism. In Synechococcus, the kai genes
appear to be indispensable for 24-h rhythmicity, and
deletion of any kai gene leaves the organism arrhythmic. In Drosophila, rhythmic PER and TIM proteins
are generally thought to be required for rhythmicity.
However, there are 3 reports suggesting the presence
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of circadian oscillators in per0 mutants: A 24-h
photoperiodic clock operates normally in per0
(Saunders, 1990); per0 flies entrained to LD cycles
show evidence of an entrained morning peak of
activity (Helfrich-Förster, 2001); and introducing cryb
in a per0 cryb double-mutant restores the evening peak
of activity in LD as well as other aspects of clock-like
behavior (Collins et al., 2005).
The most compelling evidence for rhythmicity in
the absence of canonical clock gene function comes
from Neurospora. The TTO model for Neurospora
(Dunlap and Loros, 2004) proposes that the central
components of the feedback loop are the frq, wc-1, and
wc-2 genes (Fig. 1C). A complex of the 2 WC proteins
(WCC) activates transcription of frq. The FRQ protein
inhibits the activity of WCC to negatively regulate frq
transcription. This results in rhythmic frq RNA and
FRQ protein levels. Null mutations in any of these
3 genes should abolish rhythmicity, according to the
TTO model. This prediction has been tested in
Neurospora, and there are now multiple reports of
rhythmicity in clock gene null mutants (Lakin-Thomas
and Brody, 2004). These fall into 2 classes: rhythmicity
of the conidiation rhythm, which is the standard
output used to assay the state of the Neurospora clock,
and rhythmicity at the molecular level.
Conidiation rhythms have been observed in clock
gene null mutants since the 1st reports of null
mutations at the frq locus (Aronson et al., 1994; Loros
and Feldman, 1986). Rhythmic conidiation can be
seen in frq and wc null mutants simply by growing
the strains in extra-long race tubes (Aronson et al.,
1994; Dragovic et al., 2002; Loros and Feldman, 1986),
but not all cultures are rhythmic, and it can take several days in culture before rhythms are produced.
More reliable rhythmicity can be produced by adding
farnesol or geraniol to the growth medium (Granshaw
et al., 2003) or by creating double-mutant strains
with the long-period lipid-deficient mutants cel or
chol-1 (Lakin-Thomas and Brody, 2000). Under conditions that do not promote reliable self-sustained
conidiation rhythms, the application of temperature
cycles or pulses will entrain conidiation rhythms that
behave as expected for an endogenous oscillator
when subjected to different entraining T-cycles
(Lakin-Thomas, in press; Merrow et al., 1999; Pregueiro
et al., 2005; Roenneberg et al., 2005). Two new mutations
have been identified that permit reliable expression
of rhythmic conidiation in frq and wc null mutants
in LL and DD (Bell-Pedersen et al., 2005). The null
mutants of the frq and wc genes should therefore be
described not as arrhythmic but as “conditionally

rhythmic”: under appropriate conditions, rhythmicity
can be restored to these mutants.
With so many instances of conidiation rhythmicity
in clock gene null mutants, it is not surprising that
molecular rhythms have been found in these mutants
as well. Levels of the neutral lipid diacylglycerol
(Ramsdale and Lakin-Thomas, 2000) and activity of
the enzyme nitrate reductase (Christensen et al.,
2004) are rhythmic in frq null mutants. Rhythmic
mRNA levels have been found for several genes that
continue to cycle in frq null mutants (Bell-Pedersen
et al., 2005; Correa et al., 2003).
The existence of rhythmicity in null mutants leads
to the conclusion that functional clock genes frq,
wc-1, and wc-2 are not required for rhythmicity and
perhaps in some mutant strains not even for temperature compensation and light entrainability (BellPedersen et al., 2005). The current debate revolves
around the identity of the oscillator(s) driving these
rhythms. In most cases, the rhythms found in frq and
wc null mutants are missing 1 or more of the properties expected of “true circadian rhythms” (Dunlap
and Loros, 2004): some are not robust, and/or are
not temperature compensated, and/or are not lightentrainable, and/or have periods that vary with
medium composition. The term “frq-less oscillator”
(FLO) has been coined (Iwasaki and Dunlap, 2000)
to describe the rhythms that are seen in frq null
mutants. These rhythms are described as noncircadian,
and it has been suggested that they represent additional slave oscillators, part of the circadian system
but driven by the FRQ/WCC TTO (Dunlap and
Loros, 2004). The rhythmicity seen in the 2 new mutations identified in the Bell-Pedersen laboratory has
been described as an autonomous circadian oscillator
with all the expected circadian properties (BellPedersen et al., 2005). The Neurospora circadian system
looks to some authors like a system of multiple oscillators with different inputs, with some FLOs acting
as slaves to the TTO (Bell-Pedersen et al., 2005; Dunlap
and Loros, 2004), or several interacting FLOs with the
FRQ/WCC loop primarily acting as an input pathway
(Lakin-Thomas and Brody, 2004).
FLOs seem to be proliferating like rabbits, and
new FLOs are continuing to pop out of the shrubbery.
Depending on how you count, there are at the moment
about 10 different conditions that produce rhythmicity
in frq and/or wc null mutants, and the properties
of the rhythms are somewhat different in each condition. The term “frq-less oscillator” gives the impression that a separate oscillator mechanism is at work
in each case, and I believe that is highly unlikely.

Lakin-Thomas / TRANSCRIPTIONAL FEEDBACK OSCILLATORS

I propose that the acronym “FLO” should be expanded
as “frq-less oscillaTION” instead of “oscillaTOR” to
emphasize that what we are describing is an output
rhythm (oscillation) and that we have no data on the
underlying oscillator mechanism(s). We should consider the possibility that all of these oscillations are
driven by the same core oscillator mechanism, which
has yet to be identified. This core mechanism would
not be “the circadian oscillator” in the sense that it
would not have all the expected circadian properties
in isolation but should instead be described as
“the oscillator used by the circadian system.” Only
the genetically intact system would have all of the
expected circadian properties, but various mutations
and growth conditions could change some of the
parameters of the system such that those properties
are lost or altered.

MAMMALS: THE JURY IS STILL OUT
Tests of the TTO in mammals have not progressed
as far as those in simpler organisms. The current
model (Hastings and Herzog, 2004) was developed
by analogy with the Drosophila system (Fig. 1D): The
transcription of 2 mPer genes and 2 mCry genes is
activated by the positive factor, a complex of CLOCK
and BMAL1 proteins. Two PER and 2 CRY proteins
form a complex and negatively regulate their own
transcription. CLOCK/BMAL1 also activates expression of Rev-Erbα, and the protein product REV-ERBα
represses Bmal1 expression, creating a secondary
loop to make BMAL1 rhythmic. Evidence in favor of
this model is still incomplete, and, as suggested previously (Hastings and Herzog, 2004), we do not yet
know whether rhythmic transcription is required for
the clock mechanism.
Are these clock genes required for rhythmicity?
Some evidence has been provided by mutations and
gene knockouts, and the answer is similar to the evidence in Neurospora: It depends on the conditions
(Hastings and Herzog, 2004). Experiments are ongoing to assay the effects of inactivating various combinations of clock genes in mice. Rhythmicity seems to
depend on whether the animals are assayed in DD,
LD, or LL, length of time in DD, age, and genetic
background. In addition, different combinations of
clock gene knockouts display different phenotypes.
Several laboratories have been looking at the phenotypes of knockouts of the negative factors in the TTO
model, Per, and Cry. Single knockouts of mCry1 or
mCry2 are rhythmic in DD (van der Horst et al., 1999).
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An mPer2Brdm1 mutant, with a deletion in a PAS
domain important for protein-protein interactions
(Zheng et al., 1999), and knockouts of mPer1 and
mPer2 (Bae et al., 2001; Zheng et al., 2001) are initially
rhythmic in DD but may become arrhythmic in prolonged DD. The delayed arrhythmicity of mPer2Brdm1
depends on genetic interactions and can be repaired
in an mCry2 mutant (Oster et al., 2002). Double
mutants of mPer1/mPer2 (Bae et al., 2001; Zheng et al.,
2001), mCry1/mCry2 (van der Horst et al., 1999), and
mPer2Brdm1/mCry1 (Oster et al., 2002) are immediately
arrhythmic in DD. However, mCry1/mCry2 double
knockouts in LD cycles show pre-dark activity that
cannot be accounted for by masking and that may
be evidence for a damped endogenous oscillator
(Mrosovsky, 2001). Double mutants mPer1/mCry1
(Oster et al., 2003) and mPer2Brdm1/mCry2 (Oster et al.,
2002) are rhythmic in DD. The mPer1/mCry2 mice are
rhythmic when young, but rhythmicity decays with
age (Oster et al., 2003). Can we make sense of the
data? So far, it looks as if no single Per or Cry gene is
indispensable for rhythmicity. Oster et al. (2002) have
proposed a model in which the various combinations
of PER and CRY proteins can form complexes with
different transcriptional activities, and rhythmicity is
supported only when that activity is within a particular range. The predictions of this model will continue
to be tested with additional combinations of mutants.
Definitive answers may be difficult to obtain if there
are additional as-yet-unidentified genes that provide
some backup functionality in clock gene knockouts.
The positive factors in the mammal TTO model
are also under scrutiny through mutational studies.
Mice with homozygous mutations in Clock become
arrhythmic after several days in DD, but rhythmicity
can be restored by a light pulse (Vitaterna et al.,
1994). Some Clock mutants continue to show rhythmic activity for 10 days or more in DD, and firing
rhythms of SCN neurons in brain slices from these
mutants can be rhythmic in vitro for more than
5 days (Nakamura et al., 2002). Bmal1 knockout
mutants are immediately arrhythmic in DD (Bunger
et al., 2000). However, the Rev-Erbα knockout is
rhythmic in DD and LL (Preitner et al., 2002), in spite
of the loss of rhythmicity of Clock, Bmal1, and Cry1
transcription in this mutant. Cry2 transcription is also
not rhythmic in wild-type or the RevErbα knockout
(Preitner et al., 2002). These results may indicate that
rhythmic transcriptional control is not required in the
mouse circadian system.
A surprising finding is that constant light of
appropriate brightness can restore rhythmicity to
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some arrhythmic mutants. Single mutants mPer2Brdm1
(Steinlechner et al., 2002) and Clock (Spoelstra et al.,
2002) remain rhythmic in LL, although they become
arrhythmic in DD. The Clock mutation is not a deletion but produces a defective protein, and it is conceivable that some functionality is restored by
elevating the level of this protein in LL. An unpublished study (Oster, personal communication) reported
that rhythmicity can be restored to the double mutant
mPer2Brdm1/mCry1 in bright LL, even though it is immediately arrhythmic in DD. We do not yet know how
many other arrhythmic strains can be made rhythmic
in appropriate genetic backgrounds or lighting conditions. A particularly interesting question is whether
bright light can restore rhythmicity to the Bmal1
knockout.

CONCLUSIONS
How should we deal with the increasing number
of anomalies that challenge the orthodox TTO
model? One approach is to ignore them, or try to
bury the data, in the hope that they will eventually
be explained away and the TTO will emerge triumphant. I believe that the number and credibility
of the anomalies are too great to allow us to ignore
them. A 2nd approach is to invoke additional noncircadian oscillators whenever rhythmicity is seen in
the absence of a functional TTO. This is the approach
often taken with Neurospora. However, I think the
time might be right to try to unify multiple manifestations of rhythmicity into a single mechanism rather
than continuing to split the system into multiple
oscillators. A 3rd approach is to throw out the TTO
altogether as irrelevant and look elsewhere for the
oscillator that drives rhythmicity. This is too radical
even for me; there is a lot of rhythmic transcription
in cells, and I suspect some of it is there for a reason.
That brings us to the 4th approach, which is to try
to integrate rhythmic transcription into a larger
circadian system.
If the TTO is no longer accepted as a literal
description of how the oscillator works, it is still a
useful description of the rhythmic behavior of clock
RNAs and proteins in intact organisms under “normal” laboratory conditions. What is rhythmic transcriptional control of canonical clock genes for, if not
to function as the core of a circadian oscillator? Some
answers have been suggested by Roenneberg and
Merrow (1998), Hardin (2004), and other authors.
Transcriptional control may increase the amplitude

of cycling proteins, contributing to the robustness of
the oscillator and adding stability, allowing the circadian system to function in fluctuating environments
outside of our well-controlled laboratories (Hardin,
2004). Transcriptional rhythms may also be driving
rhythmic outputs and/or regulating the phase of
output pathways. Another possibility is that the TTO
may function as a rhythmic input pathway: The genes
involved in the TTO feedback loop in Neurospora (frq,
wc-1, and wc-2) are important for temperature compensation and light input. A rhythmic input pathway,
or zeitnehmer (Roenneberg and Merrow, 1998, 2001),
could be responsible for transmitting environmental
information to the oscillator and for providing other
circadian properties such as self-sustainability and
temperature compensation.
Where should we look for “the oscillator used by
the circadian system” if it’s not the canonical TTO?
Why haven’t the components of this oscillator been
identified yet? If there is a “rhythm generator”
(Roenneberg and Merrow, 2001) still lurking in the
undergrowth, it may be hiding among the “housekeeping functions” of the cell, utilizing essential
genes that don’t turn up in mutant screens because
inactivation of these genes is lethal (Lakin-Thomas,
2000). Many genes that affect clock function other
than the canonical clock genes have been identified
in, for example, Neurospora (Lakin-Thomas and
Brody, 2004) and mammals (Shimomura et al., 2001),
and further analysis of these genes could lead us to
some candidate oscillator components.
In conclusion, I would like to provide my vision of
the circadian system. I don’t see it as “the circadian
oscillator,” a small, defined set of clock genes that
function in a transcriptional feedback loop with the
sole function of providing rhythmic output that is
robust, self-sustained, temperature compensated,
and light sensitive. I see the circadian system as more
flexible, with a rhythm generator (“the oscillator
used by the circadian system”) that is embedded in
metabolic processes and that does not have all the
circadian properties on its own but that interacts with
gene products (including the canonical clock genes)
that provide environmental input, output pathways,
temperature compensation, stability, and robustness
(Roenneberg and Merrow, 1998). These components
may have greater or lesser influence on the entire system, depending on environment and genotype. The
most basic message I would like to convey is simply
that we should continue to be open minded about the
functions of clock genes and the possibility of rhythm
generators yet to be identified.
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