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1 Introduction
Rhythmic processes are widespread in
nature. If you want to inform yourself
on rhythms in organisms, I have written
the following books, where you find further references: Rhythms of life: Engelmann
(2007), How plants grow and move: Engelmann (2004a), Flower clocks, time memory
and time forgetting: Engelmann (2008), Flying Clocks - The clocks of Drosophila: Engelmann (2009c), Bio-Calendar - The year
in the life of plants and animals: Engelmann
(2009a), Clocks which run according to the
moon - Influence of the moon on the earth and
its life: Engelmann (2009b), Rhythms in
structures of organisms: Engelmann (2004c),
How to stop a biological clock: Point of singularity: Engelmann (2004b), Our internal
clocks - Biological timing in humans and
other mammals: Engelmann (2009d)
In this book rhythms in cells are presented. Cells are the basic units of organisms. Unicellulars consist of a single cell only, whereas in multicellulars
several or many cells form a functional
unit. Whereas unicellulars have to cope
with all demands in just one cell (for instance food uptake, moving around, propagation), most of the cells of multicellulars have specialized to certain tasks and
lost their independence. Such diverse cell
types form tissues and organs. Cells have
different sizes. Normally they are between
1 and 30 micrometers, but an Acetabularia
(see figure 4.1) reaches several centimeters, the egg cell of an ostrich even beyond
7 centimeters. The egg cell in humans is
110 to 140 micrometers large and the only
cell of our body, which is visible with the

naked eye.
I present in the first four chapters
rhythms in Cyanobacteria, the dinoflagellate Lingulodinium, the alga Acetabularia,
and the green alga Chlamydomonas. The
period length of these rhythms is under
day/night conditions exactly 24 hours,
under so called freerun conditions1 about
24 hours. This rhythm is called circadian2 .
Circadian rhythms are synchronized to the
24-hour measure of the day by time cues
and their period lengths are only slightly
different in the normal temperature range.
In chapter 6 we will get to know the
somewhat unusual rhythm of a marine
myxamoeba. It reminds of a circadian
rhythm at a temperature of 20° Celsius,
but at higher temperatures it is much
shorter and at lower temperatures much
longer. It can, furthermore, not easily be
synchronized to the daily cycle. In this
very chapter we will elaborate on the yeast
Schizosaccharomyces, which exhibits not a
circadian, but a much shorter rhythm.
These rhythms are called ultradian3 .
However, this oscillation is, like a circadian rhythm, temperature-compensated,
that is, the period length is at various temperatures the same. In this respect it differs from the normal ultradian rhythms.
Next we have a look at the circadian
rhythm of a fungus, the red bread mold
1 for

instance under continuous light or continuous darkness, constant temperature. There are
no further time cues, which would provide informations concerning the daylength
2 from circa, Latin about, and dies, Latin day
3 ultra Latin below. dies day

1

1 Introduction
Neurospora crassa. This mold forms a tubular branched structure with numerous nuclei, but without cell walls (called syncytium). It is a kind of giant cell. Numerous molecular-biological studies have
been performed on this fungus. Therefore
the molecular mechanism of the circadian
clock is quite well understood. We could
furthermore deal with circadian as well as
ultradian rhythms in various animal unicellulars such as Paramecium, Tetrahymena
pyriformis and Acanthamoeba. Perhaps I
will add this in a later edition.
Finally in chapter 7 the daily rhythms
in the SCN of mammals, eye clocks, oscillators in the pineal organ, in fibroblasts and other cells of mammalian tissues and organs are treated. In this chapter we have among others a look at the
control of processes such as glucose transport, gluconeogenesis, lipolysis, adipogenesis and oxidative phosphorylation in the
mitochondria by circadian clocks.
If the timing of tissues and/or organs is
disturbed in humans, if the time of food
uptake, of activity and of sleep is altered,
diseases such as sleep disturbances, diabetes and obesity might occur. It is therefore important, to understand the synchronization of these tissue clocks (Kohsaka
and Bass (2007)). This will be treated in
some examples in chapter 8.

2

2 Cyanobacteria
Prokaryonts possess circadian rhythms.
They show up for instance in photosynthesis, nitrogen fixation, carbohydrate synthesis
and cell division. A luciferase-expressing reporter gene was introduced into the chromosome, which allowed to recognize easily the circadian clock controlled rhythm by the bioluminecence. Numerous mutants were found,
in which the circadian rhythm was altered or
lacking. Genes were identified, which participate in the clock work. In this way the mechanism of the clock could be studied and a model
put forward. Such mutants were also used for
testing the adaptive significance of circadian
rhythms. Time cues such as the light-dark cycle are perceived by receptors and transferred
to the clock, in order to synchronize them with
the day-night rhythm.
If we want to study the mechanism of
circadian control systems and to understand it finally, it is advantageous, to use
a system as simple as possible. It should,
of course, possess a circadian clock work,
but should not be complicated, in short,
it should be a ‘minimal system´. This
organism should have a simple structure
and physiology. It should be easy to cultivate and to experiment with. Furthermore it should be amenable to molecularbiological methods. Finally the hands of
the clock should be easily recordable.
Cyanobacteria possess all these properties and are therefore especially well
suited for circadian studies. The cells of
prokaryonts are smaller, build more simple and the metabolism is much less complicated as compared to the eukaryonts.

There is only one ring-like chromosome
and the genome is smaller. The regulation
of transcription and translation is simpler
and better known in respect to eukaryonts.
Many laboratories study Cyanobacteria
with molecular biological methods. The
smaller genome allows saturating mutagenesis of the genes, which are necessary for the function of the circadian clock
(Mackey and Golden (2007)). Furthermore, in the meantime the genome of
some cyanobacteria has been sequenced
completely (Kaneko et al. (1996), general
information on prokaryonts in Lengeler
and Drews (1998)). Numerous mutations
in the circadian system have been found.

2.1 Circadian rhythms
Circadian rhythms in cyanobacteria were
detected first in Oscillatoria (figure 2.1 and
Stal and Krumbein (1985a)) and later studied intensively in Synechococcus- (see figure 2.2) and Synechocystis-species. Nitrogen fixation1 and photosynthesis of these
cyanobacteria occur in a light-dark cycle in
a way as shown in the left part of figure 2.3
(from Mitsui et al. (1986)). Nitrogenaseactivity is high during the night, where
photosynthesis does not take place. This
1 numerous

cyanobacteria are able to fixate nitrogen of the air. They play therefore an important
role in the nitrogen-cycle between water/soil,
plants, animals and the atmosphere. However,
quite a number of cyanobacteria separate nitrogen fixation from photosynthesis by fixating nitrogen in special cells, the heterocysts.

3

2 Cyanobacteria
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Figure 2.1: The nitrogenase-activity of an Oscillatoria species was recorded for eight days in
continuous light by measuring the acetylene reduction. A circadian rhythm was found. After
Stal and Krumbein (1985b)
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Figure 2.3: Circadian course of oxygen production during photosynthesis (green curve) and
nitrogen fixation by nitrogenase (red curve) in Synechococcus under a 12:12h light-dark (left,
dark period: black bars) and under continuous light (right). Nitrogenase-activity is high, while
photosynthesis is low
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2.2 Luciferase-expressing Synechococcus

Figure 2.2: Cells of Synechococcus elongatus PCC 7942, a cyanophycea. Figure was
kindly supplied by Takea Kondo, Nagoya University, Japan.

of division continue to run in spite of this?
That is indeed the case, as shown in figure 2.4 for Synechococcus. Although the
cells double every 11.8 hours, the circadian
rhythms continue.
A further hand of the circadian clock
can be recorded with a pH-meter. The
rhythm can, however, be detected only
by using a special mathematical treatment:
The medium is acidified by Synechococcus
in a circadian pattern (Kippert and Lloyd
(1995), figure 2.5). This occurs stepwise,
whereby the steps occur in about 24 hour
intervals; the medium is thus more and
more acidified (in the figure the trend was
removed and only the differences plotted).
The acidification could be caused by the
activity of proton pumps or could rely on
other proton transport mechanisms.
Transport processes are influenced also
by a circadian clock in the uptake of various amino acids by Synechococcus. The uptake rates fluctuate in a circadian manner
(Chen et al. (1991)).
All these various oscillations possess
already the typical properties of circadian rhythms of eukaryonts: The show
freerun under constant conditions, are
synchronizable by time cues (for instance
a 12:12 hour light-dark cycle), and they
are temperature-compensated (the period
lengths depends only slightly on the environmental temperature).

is understandable, since the enzyme nitrogenase, which is responsible for the nitrogen fixation, is inhibited by oxygen,
which occurs during photosynthesis. Interestingly the nitrogenase activity is also
high under continuous light (right part of
figure 2.3), while photosynthesis is weak,
namely at phases of the light-dark cycle
at which night would prevail. Apparently in Synechococcus a circadian clock
takes care, that even under continuous
light both events are separated from each
other. Likewise carbonhydrate synthesis
occurs rhythmic under constant light con- 2.2 Luciferase-expressing
ditions (weak continuous light), that is, it
Synechococcus
is controlled by a circadian clock (Mitsui
et al. (1986)).
If a suitable hand could be found for
Finally cell division is under control of a the circadian clock, cyanobacteria such as
circadian clock (figure 2.4 top). This poses Synechococcus or Synechocystis would be
an interesting question: Many cyanobacte- almost ideal organisms for searching for
ria divide under optimal conditions faster mutants in the circadian system. The cirthan 24 hours. Does the circadian control cadian hands of Synechococcus known so
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Figure 2.4: Cell division in Synechococcus PCC7942 (green curve upper diagram, period
lengths 24.0 hours) and AMC149 (blue, period lengths 25.2 hours). Lower diagram: Blue curve
from the upper diagram redrawn as cumulative increase in cell number (‘logistic growth curve’,
calculated from the dilution rate and the cell number). Red curve: Doubling time of cell division.
Curves show, that in spite of a doubling time of 11.8 hours only, the circadian rhythms continue
to run (steps in the blue curve). After Mori et al. (1996)
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Figure 2.5: The pH of the medium is modulated by Synechococcus in a circadian pattern. The
pH values were trend-corrected and the differences plotted. From time 0 onward continuous
light was given, before time 0 a 12:12 hour light-dark cycle. After Kippert and Lloyd (1995)
far (last section) were, however, too elaborate for recording. Therefore an elegant trick was used, which has been applied successfully already in other organisms for studying the circadian clock: Behind a promoter, which is controlled by
the circadian clock (originally the promoter of the psbA1 gene, which expresses
a main component of the reaction center
of the photosystem II; later a large number of other promoters) a reporter gene
was appended, which codes for a bacterial luciferase. In this way rhythmic
luminescent cyanobacteria were obtained
(Kondo et al. (1993)). Now the running
of the circadian clock could be followed in
quite a number of populations simultaneously: The cells were grown in Petri dishes
and mounted on a turntable (’Kondotron’,
Kondo and Ishiura (1994)). They could be
photographed with a light-sensitive camera in equal intervals. Golden (2007) used
a Packard lumimometer for recording the
luminescence. The images were analyzed
by an imaging program, where the inten-

sity of the luminescence reflected the circadian rhythm. Using a microscope, even
rhythms of individual cells of Synechococcus elongatus could be recorded (Mihalcescu et al. (2004)).
With the help of this new hand of the circadian clock a number of important questions could be clarified. For instance two
cultures were kept in light-dark cycles,
which were phase shifted against each
other by 12 hours (while one of the cultures was in the light periode, the other
one was in the dark period). Afterward
both cultures were transferred into continuous light and the luminescence rhythm
recorded. As seen in figure 2.6, the rhythm
is indeed endogenous and not just brought
about by an external time cue (which was
perhaps present in spite of the continuous
light). This rhythm was detected also in
continuous darkness (Aoki et al. (1997)).
Normally the rhythm would damp out
rapidly in the dark, but if glucose is added
to the substrate, it is running for at least
7 days. With light pulses given during
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Figure 2.6: Two cultures of Synechococcus were reared in an opposite 12:12 hour light-dark
cycle at 300 C in such a way, that one of the cultures (red) was illuminated, while the other
one (blue) was in the dark. Therefore the former culture entered the continuous light 12 hours
earlier (upper time axis). The luminescence in the cultures fluctuated with a 12 hour phase shift
between each other. Under constant light conditions the phase shift of the luminescence rhythm
is preserved. After Kondo et al. (1993)
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2.3 Finding mutants
the continuous darkness the rhythm of the
cultures is shifted (figure 2.7, Aoki et al.
(1997)). With appropriate mutants the
transduction path of the light can be followed, by which finally phase and amplitude of the clock are influenced.
5
4

phase shift [h]

3

tures the period length of the circadian
oscillator of Synechococcus is almost identical (Kondo et al. (1993), Sweeney and
Borgese (1989)). The circadian clock of
this cyanobacterium is thus temperaturecompensated (figure 2.8). The Q10 -value is
around 1.1 and thus in a range, which is
characteristic for daily rhythms of eukaryonts.

2.3 Finding mutants
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Figure 2.7: Light pulses shift the circadian
rhythm of bioluminescence of Synechocystis
in continuous darkness differently, depending
on the time of application. Advances of the
rhythm above, delays beyond the zero line. After Aoki et al. (1997)
The genome of Synechocystis has been
sequenced in the meantime entirely (Aoki
et al. (1997)). It contains several molecules,
which could be responsible for the transduction of the light: Photoreceptors
(for instance a phytochrome), a twocomponent-system, which transfers a signal, and adenylat cyclase. If certain genes
are knocked out or over-expressed, it can
be found out, whether the genes, coded by
these molecules, are involved in the transduction path of the light.
At different environmental tempera-

To find clock mutants, firstly mutations
have to be induced by treating cyanobacteria with a mutagenic substance and
colonies of many treated individual cells
reared on agar plates. Secondly the circadian rhythm has to be measured. For this
purpose the bioluminescence (see section
2.2) is recorded with a sensitive video camera every 30 minutes and evaluated for
each colony separately (Kondo and Ishiura
(1994)). Most of the clones do not show
any change in the properties of their circadian clock. But some of them exhibited
different period lengths or amplitudes of
the circadian luminescence (figure 2.9).

2.4 The clock work of the circadian system
How does the circadian clock of these
prokaryonts work? Three things facilitate
the attempt, to find out, how the clock
work operates: The simple method for
recording the circadian rhythm, the clock
mutants obtained, and the molecular genetic techniques.
Originally it was assumed, that similar
to the circadian clocks of plants, fungi and
animals the circadian system of cyanobacteria consists of a negative feedback loop,
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Figure 2.8: Luminescence rhythm of transgenic Synechococcus cultures in continuous light
(after 12:12 hour light-dark cycle) at various temperatures of the sea water (upper curve: 250
C, second curve: 300 C, bottom curve: 360 C). Although the amplitude is smaller at lower and
at higher temperatures, the corresponding period lengths (25.5, 24.0 and 23.0 hours) differ only
little. The bioluminescence rhythm is thus temperature compensated. After Kondo et al. (1993)
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Figure 2.9: Circadian rhythm of the bioluminescence of transgenic Synechococcus cyanobacteria (‘wild type’, green curve) and of mutants with different period lengths (from 16 to 60
hours length; red curves shorter, blue curves longer periods as compared to the wild type). After
Kondo et al. (1994)
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in which the products of the genes kaiA,
kaiB and kaiC inhibit the transcription of
these genes (Ishiura et al. (1998), Golden
(2007)). It turned out, however, that the
Kai proteins themselves form the circadian
clock, which operates without transcription
and translation (Xu et al. (2003), Nakajima
et al. (2005)).
The molecular clock mechanism is
shown in figure 2.10 (Ivleva et al. (2005),
Iwasaki and Kondo (2004), Golden and
Canales (2003), Akiyama et al. (2008)).
The phosphorylation and dephosphorylation of KaiC occurs also in vitro with
a 24 hour period and without damping
for at least three cycles2 , if Kai-proteins
and ATP are present. KaiA causes KaiC
to autophosphorylate. KaiB prevents this,
causing KaiC to autodephosphorylate. KaiC
phosphorylation and dephosphorylation
constitutes the molecular clock of the circadian system of Synechocystis. The circadian rhythm in metabolism and in physiology are thus produced by the KaiProteins and not by the kai-promotors3 .
The molecular structure of the three Kaiproteins is known, and so is their dynamic interaction. However, acording to
studies of Kitayama et al. (2008) transcription and translation seems also to be important for materializing the rhythm: At
lower temperature the circadian rhythm is
found only, if the phosphorylation cycle of
KaiC and the transcription/translation are
in step. Furthermore KaiC is also rhythmic in KaiA-overexpressing mutants and
mutants without phosphorylation. Thus,
for a robust and precise rhythm a multiple coupled system is responsible, which

is based on the biochemical properties of
KaiC (Brunner et al. (2008)).
A-loops of the C-end of KaiC are the
switches, which are relevant for the KaiCactivity. In the hidden state the autophosphatase, in the open state the autokinase of KaiC is effective. A dynamical
state between both conditions determines
the equilibrium. KaiA stabilizes the exposed state of the A-loop by a direct binding. Without this binding and stabilization
KaiC is under-phosphorylated. KaiA and
KaiB thus shift the dynamic equilibrium
of the A-loops between an exposed and a
hidden state, whereby KaiC is active either
as an autokinase or as an autophosphorylase. The exposed A-loops get ATP closer
to the phosphorylation sites. Details of the
proposed mechanism in Kim et al. (2008),
Brunner et al. (2008). The ATPase activity of KaiC is, by the way, extremely weak
(Dong and Golden (2008)).
The period lengths is mainly determined by KaiC, since period mutants contain certain amino acid substitutions in the
KaiC protein. The periods of these mutants range from 14 to 60 hours. KaiC
forms together with ATP a homohexamer
(which can be seen under the electron microscope (Mori et al. (2002)). A long period mutant kaiA1 strengthens the interaction of the Kai proteins. The biochemical
function of the Kai proteins is not known.
KaiC possesses two ATP/GTP binding domains, which play an important role in
producing the rhythm (Nishiwaki et al.
(2000)). The histidin kinase SasA interacts
with KaiC and is necessary for a robust circadian rhythm (Iwasaki et al. (2000)).
This simple protein clock explains also,
2 and can be measured by small angle x-ray scatwhy and how a circadian timer in
tering and low resolution shapes of KaiA-KaiC
cyanobacteria can function even with a
respectively KaiB-KaiC (Akiyama et al. (2008))
3 even an Escherichia coli promotor works, provided generation time of eight hours or less
(Kondo et al. (1997)) and how cell division
it possesses enough RNA polymerase activity
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Figure 2.10: Model of the circadian clock of cyanobacteria: 1: Light influences the metabolism
and via plastoquinone (in strong light reduced, in weak light or in darkness oxidized) the
redox state (alternatively light is sensed by LdpA directly and/or by CikA). A signal chain
LdpA/CikA/CikR influences the sensor domain (straight tail) of the KaiA, which interacts with
KaiC and stimulates its autophosphorylation and hexamer formation. 2: In the early evening
SasA combines with the KaiA/KaiC complex and KaiC stimulates the phosphorylation of SasA.
Its phosphate group is transferred to the response regulator SasR. 3: SasR and other proteins
in the output transfer the time information from the oscillator (the KaiA/KaiB/KaiC complex)
to the genome by influencing the chromosome structure (upper box) and the metabolism (below) via high amplitude- and low amplitude expressing genes (and other regulations). 4: In the
late evening KaiB binds to KaiC and dephosphorylates it. Conformational changes of KaiA and
SasA by signal transfer are indicated by straight or curved tails of the symbols. After Golden
and Canales (2003) and personal communication with Takao Kondo, Nagoya University
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can still be controlled by a circadian clock
(Mori et al. (1996)).
The circadian oscillator controls the
entire metabolism and is based on the
integration of the cellular metabolism
(Nakahira et al. (2004)). The global circadian control of gene expression in Synechococcus affects at least two classes of
clock-regulated genes: About 80% of the
tested promoters are day active with a
maximum at the end of the day. In the
smaller group the expression has an opposite phase and is maximal in the evening
and in the night, while the chromosomes
are compact. These genes could for instance code for oxygen-sensitive enzymes,
which would function optimally during
the night, at which time photosynthesis
does not take place. A specific phase element does not exist. Instead the chromosome dynamic or the DNA topology
seems to determine phase (Min et al.
(2004)).
An important question is, how this clock
mechanism allows a global circadian gene
expression. The circadian clock seems to
determine also the condensation or the supercoiling condition of the chromosomes
(Nakahira et al. (2004), Thanbichler et al.
(2005)) and to control in this way the access to the promoter elements (Smith and
Williams (2006)).
Since cyanobacteria differ so heavily
from eukaryonts, the question is, whether
the circadian rhythm of both groups is
based on the same mechanism. According to the endosymbiont hypothesis the
chloroplasts arose from cyanobacteria. If
circadian clocks were transferred in this
way, the circadian systems of plants and
cyanobacteria should be more alike as
compared to fungi and animals. If the
functions of the genes involved will be better known, this question might perhaps be
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answered. According to the present state
it is, however, more likely, that circadian
rhythms did not evolve from a common
ancient mechanism. It is more likely, that
they were invented several times during
various periods of the evolution.

2.5 Inputs of the clock
What are the inputs of the circadian
clocks? Circadian clocks have to be synchronized with the periodic environmental factors by time cues. We expect, that
the daily light-dark cycles, but also temperature cycles and perhaps also other 24hour-rhythms of the environment can synchronize. Light-dark-cycles (Aoki et al.
(1997)) and temperature-cycles (Lin et al.
(1999)) do indeed synchronize the Synechocystis-clock. A three hour light pulse
offered during continuous darkness advances or delays the rhythm, and the
amount depends on the strength of the
rhythm and on the phase of application.
The results of this kind of experiments
served to establish an action spectrum for
phase shifts (Inouye et al. (1998)). Red
and blue light are the most effective ones
(Kaneko et al. (1996)). Light synchronizes probably via the redox state in the
metabolism, which is adjusted by photosynthesis: If plastoquinone is oxidized,
LdpA becomes active. At higher light
intensities plastoquinone is reduced and
LdpA inactivated. LdpA interacts with the
clock proteine KaiA (Ivleva et al. (2005),
see also figure 2.10). The signal chain of
the light which synchronizes the clock is
not yet known, but there are several candidates derived from the genome sequences
such as a phytochrome, a two component system and adenylate cyclase. Furthermore bacteriophytochrome CikA (cir-

2.6 Outputs
cadian input kinase, a histidine proteine
kinase) seems to be a step on the path of
the light signal to the oscillator (Schmitz
et al. (2000)), which is perhaps a redox
sensor (Golden (2007)). This sensor is
important for phase shifts. The mutant
is blind for dark pulses. Furthermore a
bacterial cryptochrome was found (Hitomi et al. (2000)). Some genes, which are
involved in the photosynthesis of Synechococcus and Synechocystis, are regulated
by light (Golden et al. (1995), Kumar et al.
(1999)), as for instance the rbcL gene, the
catalytic subunit of the key enzyme of the
light dependent CO2 -fixation (Chow and
Tabita (1994)). Maximal nitrogen fixation
occurs during the night, as mentioned already. In the dark period nitrogenase is
synthesized, but in the light it is rapidly
dismantled, perhaps by a protease.

(2005). In addition there must be transfactors, which take care of the different phase
positions and amplitudes (see figure 2.11,
but see also page 14).

light−dark−cycle
photoreceptor
transduction of
light signals
input

oscillator

output

transfactors

2.6 Outputs
Circadian clocks control various processes
at a transcriptional, translational, biochemical and physiological level. Some
of these events in cyanobacteria were already mentioned. Others are known,
many have still to be discovered. Thus it
would be interesting, to study movements
of cyanobacteria in respect to a circadian
rhythm. Vertical movements, which occur
in some cyanobacteria with the help of gas
vacuoles, have been mentioned. It would
be worth to look for a circadian modulation of these movements.
The circadian clock controls in
cyanobacteria globally the genes by
regulating the transcription via the chromosome status (compaction) (Golden
(2007)). Thereby SasA and RpaA play
a role (Dong and Golden (2008), the
Functional Genomic Project Holtman et al.

different
amplitude

different
normal
phase
phase and
amplitude

D092/cyano−modell/190604

Figure 2.11: Model of the circadian gene expression of Synechococcus. The circadian oscillator is synchronized by time cues such as
the light-dark cycle. An output of this oscillator influences the transcription globally (normal phase and amplitude). Trans-factors can
additionally modify the amplitude and phase
position of the rhythm. After Ishiura et al.
(1998)
Genes, which are not part of the circadian clock, but controlled by it, are for instance rpoD2. It codes for a sigma 70 transcription factor4 . RpoD2 seems to be a fac4 transcription

factors are made by ‘switch genes´
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tor, which increases the amplitude of the
circadian oscillation of some genes (Tsinoremas et al. (1996)).
In 1994 in more than ten polypeptides
of Synechococcus RF-1 a circadian regulation was demonstrated (Huang and Pen
(1994)). In the meantime there are many
more (Holtman et al. (2005)). However,
this regulation is complicated and not yet
well understood. The global regulator
gene ntcA, which codes for a DNA binding protein NtcA, is a transcriptional activator of genes, which are under circadian
control and have to do with nitrogen assimilation (Bradley and Reddy (1997)).

2.7 Adaptive
significance
of circadian rhythms in
Cyanobacteria
What is the adaptive significance of a circadian clock in Cyanobacteria? In nitrogenfixating Cyanobacteria it takes care that
photosynthesis and nitrogen fixation occur at different times of the day. This is important, since oxygen, which is produced
during photosynthesis, inhibits nitrogenase, the key enzyme of nitrogen fixation.
However, this separation in time does not
seem to be necessary in all cases (OrtegaCalvo and Stal (1991), Roenneberg and
Carpenter (1993)). Diazotrophs are thus
able to use completely different mechanisms, in order to protect nitrogenase
from oxygen (see Gallon (1981) and Gallon
(1992)).
An important function of the circadian
clock in Cyanobacteria is probably ‘warning
of light’. The photosynthetic apparatus of
and influence the transcription of other genes,
such as for instance genes which are involved in
the clock mechanism.
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the Cyanobacteria is especially susceptible
to light damages. Therefore it is advantageous to be protected by events, which are
controlled by the circadian clock.
It was shown, that mutants with shorter
period lengths as compared to the wild
type (the period of which lies around 25
hours), are rapidly supplanted in a 25 hour
day (12.5 hours light, 12.5 hours darkness)
by the latter, whereas in a 22 hour day the
mutant outscores the wild type (see Johnson et al. (1998) and figure 2.12).

2.7 Adaptive significance of circadian rhythms in Cyanobacteria
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Figure 2.12: Selection experiments of Johnson et al. (1998). Left: Mixture of wild type (freerun
period 24 hours) and period mutant SP22 (freerun period 22 hours) kept in 22- (11:11 hour
LD) and 30-hour-days (15:15 hour LD). After 27 cycles of 22-hour days the wild type was more
numerous as compared to the mutant. In a 30-hour day the mutant had supplanted the wild
type almost completely. Next diagram: Mutant P28 (freerun period 28 hours) has outscored the
wild type in a 30-hour day after 27 cycles almost completely, in a 22-hour day however it was
supplanted by the wild type. Third histogram: P28- and SP22-mutants mixed with each other.
In 22-hour cycles SP22 outscores the mutant P28, in a 30-hour day it was reversed. Right: The
arrhythmic mutant KaiC is outscored by the wild type both in 22-hour- as well as in 30-hour
days. Abscissa: Ratio of the mixed groups in percent. After Johnson et al. (1998)
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3 Rhythms in Lingulodinium
In the unicellular alga Lingulodinium under laboratory conditions, if the culsome circadian rhythms were studied such as tures are reared in glass bottles (figure 3.2).
the bioluminescence, the aggregation of cells,
cell division, and photosynthesis. Metabolism
and a number of enzymes are under control of
the circadian clock. Light synchronizes these
rhythms.
Various dinoflagellates as for instance
Lingulodinium emit light during the night.
These marine algae belong to the division
of Dinophyta (armored algae), and here to
the class of the Dinophyceae and to the order of Peridiniales. The algae are 1/20 mm
in diameter and possess a cellulose skeleton with an equatorial and a longitudinal
rim (figure 3.1). In each rim is a flagella,

Figure 3.2: The bioluminescence of Lingulodinium polyedrum was photographed in
the dark briefly after shaking the Erlenmeyer
bottle, standing on a glass plate. Drawn by
Mareike Förster after a photography of Taylor
in Hastings (1994)
Figure 3.1: Lingulodinium polyedrum cell
with theka (cellulose armour), a transverse and
a longitudinal rim, with a flagella in each of
them. Ventral view. Diameter 40 µm. After
Schussnig (1954) and an electron microscopic
image from Hastings (2006)
which is used by the alga to move laterally
and vertically.
The bioluminescence is observable also

In a 12:12 hour light-dark cycle the bioluminescence occurs only during the night1 .
But even under constant environmental
conditions the cultures continue to emit
light rhythmically. Apparently an internal
clock controls it.
This rhythm was studied in several lab1 during

the light period the light has to be
switched off briefly for observing the bioluminescence of the culture
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Figure 3.3: Upper curve: Glow rhythm (y-axis: bioluminescence) of a culture of Lingulodinium polyedrum in a 12:12 hour light-dark cycle (until hour 0) and afterward in weak
continuous light. Lower curve: glow rhythm of a culture of Lingulodinium polyedrum at
constant temperature of 240 C in a 12:12 hour light-dark cycle (to the fifth day) and afterward in
weak continuous light. Only the maximum of the light intensity of the glow rhythm is indicated
for each day by triangles. The period lengths of the rhythm in the light-dark cycle is 24 hours
(synchronized) and in continuous light 24.75 hours (freerun). After Hastings (1960)
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oratories intensively (overview Sweeney
(1984), Hastings (1959), Roenneberg and
Rehman (1998)). The bioluminescence can
be recorded automatically for longer time
spans and in many vials simultaneously.
The bioluminescence consists of two phenomena: a series of flashes caused by mechanical or chemical disturbances and a
weaker glow observable in undisturbed
cultures (figure 3.3). The bioluminescence
of the flash rhythm is maximal at the middle of the dark period and occurs only during a few hours per day. A flash takes just
100 ms, and 107 to 1010 light quanta are
emitted per cell. The glow rhythm, however, has its strongest bioluminescence at
the end of the dark period.
The bioluminescence rhythm is relatively in dependant of the environmental temperature (figure 3.4, Sweeney and
Hastings (1960)), as is characteristic for circadian rhythms. At higher temperatures
the clock of Lingulodinium runs a bit more
slowly, the Q10 (see glossary) is 0.85 (Hastings and Sweeney (1957)). Temperature
compensation can be explained by two
chemical reactions with the same temperature dependence, but one reaction product
inhibits the other reaction. In this way the
clock is buffered against fluctuations in the
temperature of the environment.
The bioluminescence rhythm is quite
precise. It can amount to 2 minutes per
day for the population (0.015%, figure 3.5).
For the individual cell the variability of
the period lengths is 18 minutes per day
(1.36%) (Njus et al. (1981), Morse et al.
(1990)). Under constant conditions the
rhythm of bioluminescence lasts for a long
time; however, synchrony declines with
time, and therefore the maxima broaden.
Why the rhythm damps gradually, can
have two reasons.
Either the period
lengths of the clocks, which drive the

rhythm, are very similar. Therefore it takes
a long time until the population rhythm
damps out. Or the cells communicate with
each other and synchronize themself mutually. Against a chemical communication
speak experiments, in which cultures with
different phases were mixed with each
other. They behaved after mixing in such
a way as one would expect, if they would
not influence each other (Sulzman et al.
(1982)).
As in most organisms light is the
strongest time cue for synchronizing the
Lingulodinium clock. Light influences furthermore the period length of the bioluminescence rhythm. How the period is
changed, depends on the light quality2
and the amount of light3 .
Bioluminescence occurs in special
spherical organelles, the scintillons (Lapointe and Morse (2008)), which lie in the
vicinity of the cell membrane. Whereas
during the light period only about 40
scintillons are found per cell, there are
about 400 during the night (figure 3.6,
Fritz et al. (1990), Johnson et al. (1985)).
They protrude as pockets in the vacuole
and are connected with the cytoskeleton.
The scintillons can be seen under the
microscope as bright spots and can be
detected also with gold particles and
an antibody for luciferase immunocytochemically. Scintillon extracts flash, if
2 under

continuous red light period is longer than
24 hours and increases further with higher intensities. Under continuous blue light it is
shorter and decreases further with higher intensities
3 the period length amounts to 24.4 hours at 1200
lux of continuous light. At 3800 lux the period is 22.8 hours and the rhythm damps. At
intensities above 10000 lux the bioluminescence
rhythm disappears. In continuous darkness the
period is 23.0 to 24.4 hours and the rhythm is
also damped
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Figure 3.4: The period length of the flash rhythm of Lingulodinium polyedrum is only
slightly dependent on the temperature of the seawater (‘temperature-compensated’): The course
of the bioluminescence (in weak continuous light) is plotted for various temperatures (top left
curve: 26.80 , middle left curve: 23.60 , bottom left curve: 16.50 C. 26.8). y-axis: light intensity.
Right curve: period lengths (in hours) of the glow rhythm of bioluminescence in Lingulodinium as a function of the temperature of the medium. After Hastings and Sweeney (1957)
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Figure 3.5: The circadian glow rhythm of bioluminescence in Lingulodinium polyedrum was
determined in a culture, which was kept first in a 12:12 hour light-dark cycle and a constant
temperature of 190 C. At the time 0 (x-axis) the algae were transferred to weak continuous light
(upper part of figure). The precision of this rhythm is demonstrated in the lower part. Here clock
time of the bioluminescence maxima is plotted against the number of the maxima. The precision
is even higher, if the maxima of the bioluminescence are connected by three straight lines (the
cause of the two phase shifts is not known). After Morse et al. (1990)
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Figure 3.6: Scintillons are organelles for
producing the bioluminescence in Lingulodinium polyedrum. During the night a cell
contains about 400, during the day only about
40 scintillons. They protrude from the cytoplasm as bubbles of the tonoplast into the vacuole. Diameter about 0.5 µm. Shaking the cul- Figure 3.7: Tetrapyrrole-structure of the luture or other stimuli of the cells evoke an action ciferin of Lingulodinium polyedrum. Me:
potential. This triggers an H + efflux from the Methyl groups. After Nakamura et al. (1989)
acid vacuole in the less acid scintillon. As a
result bioluminescence starts (see figure 3.8)
luciferin is being freed and reacts with O2
via luciferase. Low pH activates also the
transferred from a pH of 8 into a pH of 6. luciferase.
As in all bioluminescing processes the
LBP − LH2 ( pH7.5) ⇒ ( H + ) LBP +
light emission of Lingulodinium-cells con- LH ( pH6) ⇒ (O , L f ase) ⇒ hν + L ⇒
2
2
sists also of a reaction of a substrate O + H O
2
(luciferin) with an enzyme (luciferase).4
Controlled in a circadian manner are
There are about 2.7 ∗ 1012 luciferase
the translation of the luciferin binding promolecules per cell. The luciferin of Lingutein, the luciferin (LH2 ) and the luciferase
lodinium is a tetrapyrrole, a small molecule
(Morse et al. (1989)). The mRNA of LBP
(molecular weight <1000; figure 3.7). It
is, however, constant. Likewise the transis heat stable, whereas the luciferase is
lation of the mRNA is the same during
heat sensitive. By oxidation luciferin emits
all phases of the cycle. Thus, the rhythm
light and enters the singlet state. In the
is not based on a fluctuating transcripscintillons is furthermore luciferin binding
tion. Instead it is controlled translationprotein LBP found. It binds luciferin, if
ally. Therefore the circadian rhythm of bithe pH is 7.5 (the normal pH of the cytooluminescence can be influenced by transplasm) or higher. At a pH of 6.5 or less
lational inhibitors, but not by transcripthe configuration of the LBP changes, the
tional inhibitors. Perhaps trans-acting fac4 Luciferase has at a pH of 8 a molecular weight of tors play a role in the clock controlled LBP
140 kDa and is a dimer (each of 70 kDa). At a pH synthesis (Mittag (1998)). This translaof 6 the molecular weight is 35000 to 40000. At a tional control contrasts with the circadian
pH of 6.4 it is maximally active. A 4.1 kb mRNA
control in the crucifer Arabidopsis, in which
produces the luciferase. Its cDNA was cloned. It
does not contain any intron and differs from all transcription is controlled by the circadian
clock.
luciferases known so far
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3.1 Circadian control of bioluminescence, mechanism of the clock
Translational control of regulatory clockproteins (CP1, CP2, CP3) was proposed as a
part of the circadian mechanism. CP1 cancels
the repression of the synthesis of CP2 by interacting with the repressor of mRNA-2. CP2
interacts with the regulatory region of mRNA3, which is responsible for the synthesis of
CP3. Thus a cascade takes place, in which
each protein inhibits its own synthesis, until
the rhythm has come to an end.

The luciferase concentration parallels
the bioluminescence of intact cells. At
midnight it is 10 times higher as at noon.
The maximum occurs 6 hours after onset of darkness. Under continuous light
this rhythm continues with low amplitude. The rhythmic course of luciferaseactivity could be the result of the modification of the enzyme by phosphorylation, methylation, activation or inhibition,
respectively. Alternatively the amount
of enzyme might fluctuate in a circadian
manner. That was indeed found (Dunlap
and Hastings (1981), Johnson et al. (1984)).
Thus, either the synthesis or the degradation of luciferase, or both fluctuate in a circadian pattern.
A mechanical or chemical (Ca2+ , NH4 ,
+
K , H + ) stimulation leads to an action potential. This travels via the tonoplast to the
scintillons and depolarizes them. As a result, the H + -Ions enter the scintillons. Due
to the rapid change in pH (from pH8 to
6) the LBP emits luciferin and this reacts
with luciferase. Light is emitted (figure
3.8). After the stimulus luciferin is bound
again to LBP and a new stimulus is possible (Fogel and Hastings (1971)). Perhaps
the circadian fluctuations of the various
reactants are the result of the destruction
of the scintillons in each cycle and its resynthesis. The spontaneous bioluminescence (the glow rhythm) might take place
during the destruction of the scintillons.

How this takes place is not yet clarified.
Either the scintillons separate and are demolished in the vacuole, or they are emptied into the cytoplasm. The latter possibility is more likely. Scintillons are removed in the early morning.

3.1 Circadian control of bioluminescence, mechanism
of the clock
After discussing the function of the biochemical machinery we should have a
look at the circadian control of bioluminescence. The circadian clock regulates
periodically the synthesis and (possibly)
the degradation of luciferin, luciferase and
LBP (figure 3.9). The activity of luciferase
and the rate of phosphorylation stay, however, constant.
Protein synthesis is involved in the
bioluminescence rhythm, since inhibitors
of protein synthesis (cycloheximid,
puromycin, anisomycin) influence the
period (Taylor et al. (1982)). Cycloheximid
pulses shift the rhythm of bioluminescence as a function of the phase of the
oscillator. Thus protein synthesis influences also the clock (Schröder-Lorenz and
Rensing (1987), see however also Thorey
et al. (1987)). Probably here, as in other
circadian systems (NATF in the pineal
organ, tyrosine aminotransferase in the
liver,
ß-hydroxy-ß-methylglytaryl-CoA
reductase), enzymes with short half life
(0.5 to 1 hour) are involved, which limit
the metabolic rate. Other enzymes possess
a half life of several days. Protein synthesis plays a role for the circadian rhythm
also in other organisms, for instance in
Aplysia (Jacklet (1981)) and Acetabularia
(Schweiger (1977)).
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Figure 3.8: Mechanism of light production in Lingulodinium polyedrum in the scintillon. A
small part of the scintillon membrane is shown (vacuole below, interior of the scintillon on top).
If H + -ions enter the scintillon due to depolarization (for instance as a result of shaking) (bent
red arrows), the interior of the scintillons becomes acid. This frees the luciferin, which had been
bound to the luciferin binding protein. It is oxidized by luciferase. Light is emitted during this
reaction. After Dunlap et al. (1981)
Details of the circadian control of bioluminescence are not yet known. A
few observations speak in favor of two
clocks: For instance, light pulses can influence the phase of the flash- and the
glow rhythm differently. Although the
same luciferin and the same luciferase
are used, the responsible reactions differ.
They probably occur in different compartments. Under certain conditions the period lengths of the glow- and flash rhythm
differ (23.8 versus 23.6 hours) and consequently the phase relationship between
both rhythms has changed (figure 3.10,
Heyde et al. (1992)). The optimal light intensity differs for the two bioluminescence
rhythms (6 µ Einstein/cm2 sec for the flash
rhythm, (90 µ Einstein/cm2 sec for the glow
rhythm). Likewise, the temperature influences flash- and glow rhythm differently.
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Finally the bioluminescence rhythm and
the aggregation rhythm can exhibit different period lengths (Roenneberg and Morse
(1993)). There are thus good indications,
that two clocks control the circadian system of Lingulodinium (Heyde et al. (1992),
Morse et al. (1994)).

3.2 Significance of bioluminescence
Bioluminescence is often found among organisms. The reasons for emitting light
vary, depending on the species in which it
is found: Male and female animals can recognize and find each other (glow worms),
swarms can be formed, territories marked.
Fishes can illuminate their visual field and
lure prey (Anomalops in Japanese waters).
Bioluminescence might serve for protec-

3.2 Significance of bioluminescence
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Figure 3.9: The luciferin binding protein of
Lingulodinium polyedrum is synthesized in
a circadian manner (red curve, maximum of
synthesis about 35 hours after onset of the continuous light following a 12:12 hour light-dark
cycle). The LBP protein reaches after 43 hours
maximal concentration (green curve). Afterward it is degraded. The mRNA which is
responsible for the LBP-synthesis is continuously present and active (blue curve). Thus the
circadian control of LBP-synthesis occurs on a
translational level. After Morse et al. (1990)
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Figure 3.10: Different period lengths of flashand glow rhythm are found in Lingulodinium polyedrum under continuous light
at 210 C. The daily maxima of the glow rhythm
(green x) and the flash rhythm (red crosses)
were plotted beneath each other and connected
with a curve. The period length of the glow
rhythm is 22.9, the one of the flash rhythm 24.2
hours. After Heyde et al. (1992)
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tion. Enemies can be deterred or distracted from the front ends (worms), it
might serve as camouflage.
But why does Lingulodinium exhibit bioluminescence and why is there a flash- and
a glow rhythm? Bioluminescence could
be a side product of the metabolism. It
serves perhaps to get rid of protons under
circumstances, where acceptors for protons are scarce or lacking. Other reasons
have been proposed, why this organism
exhibits bioluminescence. Thus, the flash
of bioluminescence might frighten fishes,
discouraging them from feeding the algae.
Another question is, why scintillons and
its machinery has such a short life duration. Isn’t it a waste of energy, if they have
to be renewed each day? But for an alga,
which has enough energy to its disposal, it
might be more advantageous, to produce
these organelles anew and to use the nitrogen of the scintillon proteins for other
enzymes, since nitrogen is a limiting factor.

Figure 3.11: Swarm formation in Lingulodinium polyedrum in a Petri dish, which
is laterally illuminated with light of 120
µE/m2 sec. During the day swarms are
formed at the surface of the sea water, whereby
the cells in the middle of the aggregation move
slightly down and move up again at the margin of the aggregation. In the night the cells
settle at the side of the dish which was originally closest to the light. After Roenneberg
et al. (1989)

creases with higher light intensity, in blue
light it decreases (figure 3.12). Probably
two different photoreceptors and possibly
also two clocks are involved (Roenneberg
et al. (1988), Roenneberg and Morse (1993),
Morse et al. (1996)). In favor of this assumption is, that light pulses affect bioluminescence and aggregation differently.
3.3 Rhythms of aggregation, The B-oscillator, which controls biolumiphototaxis, vertical mi- nescence, reacts to blue light, the Aoscillator, which regulates aggregation, regration and mobility
acts to blue and red light. In green light
(550 nm) the cells are blind (Morse et al.
In Lingulodinium cultures the cells aggre(1994)).
gate to swarms. They can be observed in
Petri dishes (figure 3.11 and Roenneberg
et al. (1989)). This behavior is a popula- 3.4 Chloroplast rhythms
tion rhythm, which occurs endogenously
for a few weeks before it desynchronizes. Circadian differences are found also in the
During the day the population stays close chloroplasts of Lingulodinium. The ultrato the surface, in the night it sinks to the structur of the thylakoid assembly varies,
bottom.
as shown in figure 3.13. During the
The aggregation rhythm changes its pe- subjective night (CT 18) the thylakoides
riod length with light intensity. But the lie closer together (upper part of figure)
period depends also on the wavelength as compared to the subjective day (CT6,
of the light. In red light the period in- lower part of figure, Herman and Sweeney
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3.4 Chloroplast rhythms
B
cell division
bioluminescence
phototaxis

A

photosynthesis
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superoxid dismutase
nitrate−reductase

Figure 3.12: The circadian system of Lingulodinium is supposed to consist of an A- and
B-oscillator. The A-oscillator (below) controls
among others aggregation of the cells, the Boscillator, however, regulates besides cell division and phototaxis the bioluminescence. Blue
light synchronized the B-oscillator, blue- and
red light the A-oscillator. After Morse et al.
(1994)

(1975)). During the subjective day the
thylakoides consist of two lamellae, during the subjective night of three. Furthermore the photosynthetic unit in the thylakoid membrane differs: During the subjective night it is partly decoupled from
the electron transfer. Association and dissociation of the antennae of photosystem
II fluctuates rhythmically. Thereby the
excitation energy between photosystem I
and photosystem II is distributed differently. Samuelsson et al. (1983) studied the
causes of the circadian oxygen production.
They found by using the electron acceptor
methylviologen, that the electron flow in
the photosystem I is constant, but fluctuates in photosystem II. Therefore only fluctuations in photosystem II are responsible
for the photosynthesis rhythm in Lingulodinium (figure 3.14, see also next section).

Figure 3.13: The thylakoids in the chloroplasts
of Lingulodinium polyedrum display circadian differences. During the subjective night
(CT 18) they lie closer together (upper part of
the figure) as compared to the subjective day
(CT6, lower part of the figure). Drawn by the
author after a figure in Herman and Sweeney
(1975)
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Structural variations in the photosynthetic devices show already, That circadian rhythms influence photosynthesis. A
number of events is involved in the case
of Lingulodinium: CO2 -uptake (Hastings
et al. (1961)), light reactions in photosystem II (Knoetzel and Rensing (1990)),
chlorophyll fluorescence and -degradation
(Sweeney (1981)) are examples. However,
photosynthesis itself is not a part of the
clock: If the electron flow in photosystem
II is inhibited with DCMU, the clock continues to run (Sweeney et al. (1979)).
CO2 -fixating enzymes do not show a
rhythm. Likewise the O2 uptake is constant. Respiration is thus not responsible
for the circadian rhythm. In the middle
of the subjective light period O2 -emittans is
high, in the middle of the subjective dark
period low (figure 3.15).
Since the density of a cell changes with
photosynthesis, a circadian rhythm in a
single Lingulodinium-cell could be demonstrated by using a Cartesian diver (figure 3.16, Sweeney (1960)). Here too the
rhythm disappears at high light intensities. The damping is, therefore, not caused
by a desynchronisation of the rhythms between the individual cells of a population.

Figure 3.14: Causes of the photosynthesisrhythm in Lingulodinium polyedrum. Photosynthesis (PS, blue curve) fluctuates in a circadian manner (oxygen production measured).
It has low values during the night phase, when
bioluminescence is strong (red curve). Using
the electron acceptor methylviologen, it was
shown, that the electron flow in photosystem
I is constant (PS I, bluegreen line), but in photosystem I and II it fluctuates in a circadian
manner (PS I, PS II, light green curve). Thus
only fluctuations in photosystem II are respon- 3.6 Cell division rhythm
sible for the photosynthesis rhythm of Lingulodinium. The x-axis reflects the circadian Cell division occurs in a population of Lintime CT. The measured variables are not given gulodinium mainly during the morning in
a light-dark cycle and under continuous
at the y-axis. See Samuelsson et al. (1983)
light at the subjective morning (the time at
which light normally begins). It is thus under circadian control. Generation time of
a cell amounts under the used light intensity to 6-7 days as an average (figure 3.17,
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3.6 Cell division rhythm
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Figure 3.16: The course of photosynthesis of
an individual Lingulodinium-cell was determined during the light period with a Cartesian diver. The density of the cell depends on
the oxygen production. Consequently the position of the Cartesian diver (in which the cell
is housed) changes in the vial. After Sweeney
(1960)
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Figure 3.15: Photosynthetic capacity in Lingulodinium polyedrum (green curve): Samples were treated at various phases for 15 minutes during strong light with C14 O2 . The
amount of C14 taken up was determined. Additionally the course of bioluminescence is shown
(red curve). After Hastings et al. (1961)

Sweeney (1984)).
The division cycle in the cell is thus controlled by a circadian clock (Sweeney and
Hastings (1958)), which allows division to
occur only in certain gates or time windows (Vicker et al. (1988)). Mitoses occur
usually towards the end of the dark period
or somewhat earlier. Cytokinesis takes in
Lingulodinium an hour. The cell division
rhythm is not directly connected with the
bioluminescence rhythm: cells, which do
not divide, do still exhibit a circadian bioluminescence, and so do colchicin-treated
cells.
The cell cycle can be synchronized by selecting cells according to their size by using sieves (Homma and Hastings (1988),
Homma and Hastings (1989)).
After
cell division the phase of the circadian
rhythm is transferred to the daughter cells
(Homma et al. (1990)).
Under optimal conditions cell division
(studied in Euglena and Chlamydomonas)
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7

is solely determined by the mechanism
of division. Under suboptimal conditions an ultradian clock controls division
(Lloyd and Volkov (1990)). Under conditions, which allow only slow growth,
the circadian clock comes into play (gating, Lloyd and Gilbert (1998), Lloyd and
Gilbert (1998)). Various models were proposed, which simulate the cell cycle and its
timing (Tyson (1987), overview Lloyd and
Gilbert (1998)).

cell division
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3.7 Circadian rhythms in
metabolism and of enzymes

5

4

3
0

24

48

72

96

continuous light [h]

Figure 3.17: Circadian rhythm of cell division
of Lingulodinium polyedrum: The number
of cells per µl increases, in spite of continuous
light (3000 Lux), not continuously, but steplike. Plotted at the x-axis is the circadian time
CT. Period lengths is about 24 hours. After
Vicker et al. (1988)
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The tricarbonic acid cycle in Lingulodinium
is rhythmically controlled. Probably on
the protein level a NAD- or NADHdependent form of the isocitrate dehydrogenase is the target of the control; this in
turn regulates the metabolic flow through
the TCA-cycle rhythmically (figure 3.18,
Akimoto et al. (2005)).
Circadian rhythms were found in a
number of enzymes. One of it is nitratereductase (figure 3.19 and Ramalho et al.
(1995), Fritz et al. (1996)). It is the first enzyme of the nitrogen assimilation path and
converts nitrate into nitrite. Its concentration fluctuates in a circadian way with a
maximum in the (subjective) day phase.
Another enzyme, superoxide dismutase,
has its highest activity also during the day
phase (figure 3.19 and Colepicolo et al.
(1992)). It is not known, whether its concentration fluctuates in a circadian manner. This enzyme is a superoxide-anion
scavenger. In the case of RUBISCO, the
most frequent enzyme of the biosphere,
because it takes up CO2 during photosynthesis, the activity is circadian, whereas
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Figure 3.18: Left: The tricarbonic acid cycle with enzymes (red) for intermediate steps. In red
boxes the enzymes shown in the right diagram. Right: circadian rhythm of isocitrate dehydrogenase (green) and succinic acid (red). Malate dehydrogenase (blue) does not fluctuate much.
After Akimoto et al. (2005)
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Figure 3.19: Circadian rhythm of nitrate reductase (top) and superoxide dismutase in Lingulodinium polyedrum. Top left: In a light-dark cycle of 12:12 hours white light of 150 µE/m2 sec,
right under continuous light (hours after onset of continuous light of 35 µE/m2 sec). Activity
of nitrate-reductase in relative units per mg. After Ramalho et al. (1995). Superoxide dismutase
(bottom) with high activity during the light period. During the dark period the activity declines
and reaches a minimum at the end of the night. In the following continuous light the rhythm
continues. It is thus circadian. After Colepicolo et al. (1992)
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the amount of the enzyme stays constant
(Marcovic et al. (1996)). In contrast to
these enzymes tyrosine-aminotransferase
reaches its highest activity during the
night (Gross et al. (1994)). The same
is found in the case of the enzyme luciferase, which participates in the bioluminescence rhythm (Dunlap and Hastings
(1981), Johnson et al. (1984). Generally
the protein synthesis is higher during the
day phase as compared to the night phase.
Most heatshock proteins have a constant
synthesis, but in some it is circadian with
a maximum around CT15. Ribosomal proteins are phosphorylated in a circadian
manner (Esch et al. (1995)).

3.8 Effect of substances on
circadian rhythm, membranes
Various substances influence the circadian rhythm in Lingulodinium. As mentioned already, protein synthesis is participating in the mechanism of the circadian clock. But membranes seem to play
also an important role. This is interesting, since the fluidity of membranes is
temperature compensated. In this way
the temperature compensation of the period lengths of circadian rhythms could
be explained (see also figure 4.5). Membrane active substances such as K+ , Li+ ,
D2 O, valinomycin (Sweeney (1974)), alcohols (Sweeney and Herz (1977), Taylor et al. (1979)), vanillic acid (depolarizes
membranes, Kiessig et al. (1979)) affect circadian rhythms. That speaks also for a
significance of membranes for circadian
rhythms. Alternatively, metabolic differences or protein synthesis could be influenced. To check for it, membrane prop-
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erties were changed and measured with
fluorescence-polarization techniques. No
correlation between membranes and period lengths were found (Scholübbers et al.
(1984)). The activity of membrane bound
enzymes and membrane potentials could,
however, have changed rhythmically.
Other substances such as acetate aldehyde (Taylor and Hastings (1979)) and
catecholamine (Hardeland (1980)) do also
influence the rhythm, whereas respiration inhibitors , photosynthesis inhibitors
(Sweeney (1981)), inhibitors of the organelle ribosomes, of cAMP and of DNAsynthesis do not play a role.
Creatine, a storage form of ATP and conveyor of energy-rich phosphate between
mitochondria and energy-consuming
events, shorten the period from 23 to 18
hours (Roenneberg et al. (1988), Roenneberg and Taylor (1994)). It amplifies the
phase shifting effect of blue light and phototaxis. Creatine is, however, not naturally
found in Lingulodinium. Instead, the alga
contains another substance, gonyauline,
which shortens period (Roenneberg et al.
(1988), Roenneberg et al. (1991)).

4 Rhythms in Acetabularia
Acetabularia is another alga, in which several circadian rhythms can be observed. Because of the exceptional size rhythms can be
measured in parts of this unicellular alga.
Grafts can also be made. This allows, to find
out, which significance the nucleus has for
the circadian clock hat. Oxygen production,
chloroplast migration and electrical potentials
were used as a hand of the clock. A model of the
circadian mechanism was proposed and tested.
Another alga, which possesses a circadian rhythm, were studied intensively because of its exceptional size. It is Acetabularia, called mermaid’s wineglass and belongs to the Dasycladaceae, a very old family, which existed already 500 million years
ago. Depending on the species of this unicellular alga it is from a few mm up to 25
cm long (the latter is Acetabularia major in
the Torres street of Australia and in PapuaNewguinea). The algae are tube like and
possess a root-like rhizoid. In the finished
state they have a hat ("umbrella" Italian,
figure 4.1). Most of the Acetabularia occur
in shallow zones of the coasts of tropical
and subtropical seas.

Figure 4.1: Various stages of the unicellular mermaid’s wineglass Acetabularia
mediterranea. The shortest is a germinating
zygote (originating from the fusion of two gametes), which sticks to the soil with a rhizoid.
It extends to a stalk and forms a whorl, which is
4.1 Daily rhythmic phenom- later lost. Finally a hat is formed, which generate numerous cysts in many chambers. In
ena
the cysts gametes are formed. The alga reaches
a length of 50 mm. It occurs in the mediterIn the laboratory Acetabularia can be kept ranean and the western Atlantic. After Gibor
in artificial sea water and studies can be (1966)
made. Daily rhythms of oxygen production during photosynthesis (Terborgh
and McLeod (1967)), of enzyme activities (Hellebust et al. (1967)), of chloroplast migration and of electrical potentials
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(Schweiger and Schweiger (1977), Broda
and Schweiger (1981), Koop et al. (1978)).
The chloroplasts migrate during the night
to the rhizoid at the foot of the alga and
during the day to the upper parts of the
alga. The form of the chloroplasts does
also change rhythmically (round during
the dark period, oval during the light period (vanden Driessche et al. (1976)) and
in a circadian manner (vanden Driessche
(1966), vanden Driessche (1967)). Furthermore the RNA-synthesis fluctuates in
a circadian way (vanden Driessche and
Bonotto (1969)).
These
circadian
rhythms
are
temperature-compensated and show
a Q10 < 1 (Karakashian and Schweiger
(1976), Berger et al. (1992)).

4.2 Role of the nucleus
The nucleus of the cell can be removed easily during the vegetative phase (Schweiger
(1977)). Since the nucleus is located at that
time in the rhizoid, one needs only to cut
this part off. O2 -production during photosynthesis is even without nucleus under
constant conditions rhythmic (figure 4.2).
Thus the oscillator is in the cytoplasm. The
integrity of the cell is not necessary for the
circadian rhythm. Even smaller cell fragments show still a circadian rhythm. It
turned out, that the mRNA of Acetabularia
is stable for weeks, especially, if the nucleus is absent.
Since the nucleus is in the foot of
the alga, grafting experiments could
be performed, to find out the significance of the nucleus for the daily
rhythm (Schweiger and Schweiger (1977),
Sweeney and Haxo (1961), Schweiger et al.
(1964), Karakashian and Schweiger (1976),
Terborgh and McLeod (1967)). The nu-

36

cleus o f another cell can be washed and
implanted into the nucleus-free cell fragment (Hämmerling (1963)). If rhizoids of
Acetabularia are grafted onto stalks of algae with a phase shifted rhythm of the
O2 -production, the rhythm under continuous light is determined by the nucleuscontaining rhizoid (figure 4.3, Schweiger
et al. (1964)). To eliminate cytoplasmic effects (for instance via mRNA), only nuclei of phase shifted synchronized algae
were implanted. Again the rhythm was
determined by the nucleus. If the rhizoid
and the upper part of an Acetabularia are
exposed to opposite light-dark cycles, the
rhythm of O2 -production has the phase
of the rhizoid. vanden Driessche (1967)
grafted arrhythmic stalks of Acetabularia
onto rhizoids of rhythmic algae. Afterward a rhythm of O2 -production was observed again.
Thus there is a paradox: Although
an Acetabularia shows a circadian rhythm
even without nucleus, the phase of the
nucleus is according to these authors determined by the nucleus. Since anucleated Acetabularia have a circadian photosynthesis, a continuous transcription of
the nuclear genoms is apparently not necessary for oscillations to occur. It was
also shown, that an inhibitor of transcription in the nucleus, actinomycin, does not
prevent the rhythm of the algae (Mergenhagen and Schweiger (1975)). Inhibitors
of transcription in organells such as rifampicin have also no influence on the circadian rhythm (vanden Driessche (1970)).
On the other hand translation is necessary, since inhibitors of translation such
as cycloheximid prevent circadian oscillations (Mergenhagen and Schweiger (1975),
Karakashian and Schweiger (1976)).
From these observations Schweiger proposed a translation-membrane model (fig-
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Figure 4.2: O2 rhythm before (green curve, until the vertical arrow) and after fragmentation
of an Acetabularia mediterranea cell in an anucleated apical (blue curve) and a nucleus containing basal part (red curve). After Schweiger (1984)
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Figure 4.3: Two Acetabularia algae were kept in an inverse light-dark-cycle (see LD 12:12 and
the black and white bars before transplantation above and below the Acetabularia). The rhizoid
with the nucleus (in the figure marked red) of the upper left alga was grafted with the stalk of
the lower left alga, and on the rhizoid of the lower left alga the stalk of the upper left alga was
grafted. The recording started after three days and shows opposite rhythms. Comparison with
controls (not shown) shows, that the nucleus determines the phase of the rhythmic output of the
graft. After Schweiger et al. (1964)
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ure 4.4). Central components of the oscilla- in a circadian manner. Cycloheximide, an
inhibitor of protein synthesis at 80s ribodisintegration
synthesis
somes, inhibits the translation of this protein in a phase-dependend way. Cycloheximide furthermore shifts the circadian
de−loading
rhythm of photosynthesis, depending on
loading
the phase, at which it was administered. It
might therefore be the essential protein of
transport
the model.
thylakoid
The temperature compensation of the
chloroplast
wall
circadian
rhythm is explained according to
_
this model in the following way (see figprotein synthesis
modell−acetabularia/E076/030304
ure 4.5): Translation of the essential memon 80s ribosomes
brane protein at 80s ribosomes has a Q10
Figure 4.4: Translational membrane model of of 2 to 3, but the integration of the prothe circadian mechanism of Acetabularia pro- tein into the membrane of the chloroplasts
posed by Schweiger and Schweiger (1977). Es- has a Q10 of less than 1 (because of the
sential proteins are made by 80s ribosomes lower state of order at higher temperatures
and transported via the cytosol into the chloro- the integration is more difficult). Taken
plasts. There they are incorporated into the together a low dependency of the period
thylakoid membranes. After this loading the lengths from temperature results.
Woolum (1991) tested these results by
protein synthesis is inhibited and the essential
proteins degraded, until the thylakoids are de- using nucleated and anucleated Acetabuloaded (right part of figure). Now the assembly laria. Instead of O2 -emission he measured
can begin again (loading, left part of figure). the circadian chloroplast migration in the
rhizoid by using light beams as described
After Engelmann and Schrempf (1979)
by Schmid and Koop (1983) (figure 4.6).
tor are essential membrane proteins in the Instead of just two measurements per day
thylakoids of the chloroplasts. They in- as used by Schweiger et al. (1964) he obfluence the permeability for ions. A neg- tained each minute a value and averaged
ative feedback loop inhibits the transla- over an hour. Algae with rhizoids showed
tion of the membrane proteins at 80s ribo- a period lengths of 25.4 hours under consomes. The membrane proteins are grad- stant conditions, algae without rhizoid
ually degraded and the permeability for 26.2 h. Thus, the nucleus does influence
ions changed. The inhibition of translation rhythm, although to a small extend. Controls show phase differences up to 4 hours
stops.
How is this model experimentally sup- between each other. Woolum was not able
ported and how can certain properties of to reproduce the results of Schweiger by
the circadian clock such as temperature using differential illuminations of the upcompensation be explained? Hartwig and per part of the algae and of the rhizoids.
Schweiger (1986) found a nucleus-coded The nucleus did not pass a phase informaprotein P230 in the chloroplast fraction of tion to the upper part of the algae. Apparnucleated and anucleated Acetabularia. It ently the oscillator needs a stable mRNA,
is synthesized under constant conditions but can do without mRNA synthesis. Acti-
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Figure 4.6: Circadian chloroplast migration in
an Acetabularia mediterranea cell. Accumulation during the day in the hat and upper
stalk (left), during the night in the rhizoid and
lower part of the stalk. After Schweiger (1984)
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Figure 4.5: Temperature compensation of the
circadian rhythm of Acetabularia. At higher
temperature the synthesis of essential proteins
is faster, the integration into the thylakoides,
however, slower. At lower temperatures the
synthesis is slowed, but the integration speeds
up. In this way the period length does only
slightly depend on temperature. The rates are
displayed by the slope of the straight lines. After Engelmann and Schrempf (1979)

nomycin, which inhibits mRNA synthesis,
had no effect on phase. Only the amplitude of the rhythm was reduced (Sweeney
et al. (1967), vanden Driessche (1970)).

4.3 Several oscillators?
Are the various circadian oscillations in
Acelabularia all controlled by one clock?
To answer this question, the chloroplast
migration, the electrical potential and the
oxygen production was recorded in the
same cell simultaneously (Schweiger et al.
(1983). They kept the same phase relationship to each other, even after changing the
temperature of the water. Thus, either the
various rhythms are driven by the same
clock, or there are different oscillators,
which are strongly coupled to each other.
In favor of the latter is an observation
of Schweiger et al. (1986): The circadian
chloroplast migration as well as the circadian fluctuations of the electrical poten-
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tials are normally both phase shifted by an
8 hour dark pulse under continuous light
to the same amount. Occasionally, however, only one of the rhythms is shifted, the
other one not. This would speak in favor
of two different clocks which control one
of the two rhythms, respectively.

4.4 Do cells interact?
Do Acetabularia cells interact (Mergenhagen and Schweiger (1974))? 50 cells,
which were kept in a 12:12 hours lightdark cycle, were transferred to a vial with
a single Acetabularia cell, which was kept
in a light-dark cycle 12 hours phase shifted
(that is, they had light, when the 50 cells
were in the dark phase). Under subsequent constant conditions these cells did
not influence the individual cell: It continued its rhythm as before (measured for 7
days). The same has been found in Euglena
and Lingulodinium. They too do not mutually influence each other in their phase
position.
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5 Rhythms in Chlamydomonas
Chlamydomonas is an alga of the soil,
which is also able to swim (figure 5.1).
It is photosynthetic (Matsuo et al. (2005)),
but possesses additionally many properties of animals (and has the corresponding genes). It is called ’green yeast’, but
resembles more a plants and an animal
(Brunner and Merrow (2008)). An eye
spot allows to receive light and to reflect
it onto a membrane-bound photoreceptor
(see Kateriya et al. (2004), Nagel et al.
(2005), Oldenhof et al. (2006)), which contains rhodopsin (Grossman et al. (2007)).
Chlamydomonas has more than 15 000
genes, and many of them code transporters (Matsuo et al. (2008)).

Figure 5.1: Chlamydomonas reinhardtii
is a flagellated green alga and belongs to the
Chlorophytae. Images from Jens Bösger, kindly
supplied by Maria Mittag, Institut für Allgemeine Botanik, Friedrich Schiller Universität
Jena. Left with yellow eye spot, at right figure
U-shaped chloroplast visible.
Like animals, plants, fungi and
cyanobacteria Chlamydomonas is equipped
with a circadian clock, which developed,

however, probably in all the groups
mentioned independently from each
other. The circadian clock was studied
by Bruce (1970) using the phototaxis of
Chlamydomonas (light induced movements of microorganisms are described
in Sgarbossa et al. (2002)). He found
various clock mutants. The cells show
furthermore a rhythmic UV sensitivity
(Nikaido and Johnson (2000), figure 5.2).
The growth rate does also fluctuate in a
circadian manner.

5.1 Clock mechanism
The circadian clock of Chlamydomonas utilizes phosphatases and kinases and is
based on metabolic events such as phosphorylation (see also chapter 2). Phoscillators (Merrow et al. (2006)) interact with
species specific transcriptional feedback
loops (Mittag and Wagner (2003), Mittag
et al. (2005)). Matsuo et al. (2006) transferred luciferase into the Chlamydomonas
genome, which allowed to record the
luninescence rhythm. By using forward
gene screening1 105 clones were identified
(Matsuo et al. (2008)). 32 of them showed
different period lengths, phase positions
and amplitudes of the rhythm. 78% were
arrhythmic or showed a very low amplitude. The growth rhythm was influenced
1a

genetic screen allows to select individuals with
a certain phenotype. If one is looking for new
genes, it is called ’forward genetics’, whereas
in ’reverse genetics’ mutants of already known
genes are searched for
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Figure 5.2: Chlamydomonas reinhardtii colonies are rhythmically sensitive towards UV, if
irradiated at different times of the day. After Suzuki and Johnson (2002)
in the same way.
CHLAMY1 is an RNA-binding protein,
which controls as a post-transcriptional
regulator for instance protein turnover
and ubiquitin-proteasomes. Phosphatases
play also a role (Brunner and Diernfellner
(2006)). The clock mechanism resembles
partly that of Arabidopsis thaliana, the domains involved are, however, no true homologues (Schmidt et al. (2006), Wagner
et al. (2005), Wagner et al. (2006)).

5.2 Photoperiodism
Chlamydomonas

in

Chlamydomonas growth faster under longday as compared to shortday. This is a
photoperiodic reaction to environmental
conditions (Suzuki and Johnson (2002)).
Under non-optimal conditions (low nitrogen supply) the haploid vegetative cells
form gametes, which conjugate and form
a diploid zygospore. This spore is dor-
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mant and does not divide. Unfavorable
conditions such as darkness, dryness, and
food deprivation can be better endured
in this stage. The germination of these
spores differs in the various daylengths
(figure 5.3). However, not the germination
itself is photoperiodically controlled, but
an earlier event. The zygospores germinate synchronously, if they are kept for a
day in continuous light, afterward six days
in continuous darkness, and than again in
continuous light (Harris (1998)). 12 to 16
hours later germination takes place. Meiosis occurs and divisions resulting in haploid vegetative cells.

5.2 Photoperiodism in Chlamydomonas
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Figure 5.3: Chlamydomonas reinhardtii
zygospores were kept in various daylengths
(8:16, 9:15, 10:10, 12:12, 15:9 hours L:D and
continuous light LL). The percentage of germination 10 days after conjugation is shown. After Suzuki and Johnson (2002)
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6 Rhythms in amoebae, yeast and fungi
Here I could present a whole number of unicellulars with circadian rhythms,
which do not photosynthesize. I restrict
myself to three examples. In the first one a
rhizopode is described, which exhibits an
unusual rhythmic change between a resting stage and a mobile phase. The yeast as
a second example oscillates in an ultradian
rhythm, which is, however, temperaturecompensated. The molt Neurospora possesses a circadian rhythm.

6.1 Thalassomyxa
Grell (1985) discovered at the west coast
of Australia a marine rhizopod, which he
named Thalassomyxa australis. It belongs
to the naked amoeba. It changes its form
rhythmically between a resting stage, in
which it lies like a hat on the substrate,
and a phase, in which it crawls with pseudopodia over the substrate, while feeding and digesting unicellular marine algae
(6.1). The movie "The Change of Phases of
Thalassomyxa australis (Promycetozoida)"
shows its biology and this change in
form (Grell (1987)). At a temperature of
220 C the period length is 25 hours. At
lower temperatures the period is considerably longer. At 100 C, for instance, it
amounts to 90 hours, at 280 C only 18 hours
(Silyn-Roberts et al. (1986)). The dependency is shown in figure 6.2. Temperature compensation is, however, regarded
as a characteristic property of circadian
rhythms. Furthermore the synchronization by a light-dark cycle and by a tem-

Figure 6.1: Thalassomyxa australis changes
its form rhythmically between an active
phase with pseudopodia (left) and a resting stage (right). After Grell (1985)

perature change does not function in the
usual way (figure 6.3, Förster and Engelmann (1988), Smietanko et al. (1988)).
Shaking of the culture (as it occurs in the
sea due to the tides) synchronizes only
partly; this time cue is thus a weak one
(Förster and Engelmann (1988)). Combined time cues (temperate change, lightdark cycle, periodical shaking as a simulation of low/high tide) synchronizes (figure 6.4). It is unknown, which time cues
are effective in nature. We might be dealing with a precursor of a circadian clock,
a kind of ancient clock, which does not
yet possess all the characteristic properties of ‘modern’ circadian clocks. Whether
and how they can be deduced from ultradian rhythms, which do not or do possess
temperature compensation, is speculative
(Silyn-Roberts and Engelmann (1986)).
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Figure 6.3: Red curve in left part of figure shows percentage of Thalassomyxa amoeba in its
active phase, with maxima shown as triangles (x-axis: days). The change in form of Thalassomyxa australis can not be synchronized by a 12:12 hour light-dark cycle (see the position
of the maxima (triangles) to the bright/dark bars). That is shown in the right part, where the
maxima (blue triangles) occur eachday by 5 hours later. If the rhythm would be synchronized,
they should lie exactly below each other. After Förster and Engelmann (1988), Smietanko et al.
(1988)

6.2 Yeast, glycolysis oscillator
Cells are able to produce energy in three
different ways: By photosynthesis, by respiration and by glycolysis. Glycolysis is
used by organisms, which live without
oxygen such as Yogurt fungi, bacteria in
sauerkraut, parasitic worms, red blood
cells, diving vertebrates.
During glycolysis glucose in converted
to pyruvate. During the process ATP is
generated as an energy carrier. Nine different enzymes are involved in this conversion (figure 6.5). Duysens and Amesz
(1957) found, that glycolysis of the yeast
does not occur uniformly, but under certain conditions also rhythmically. This is
found during the fermentation of glucose
by yeast. In the absence of oxygen alcohol is produced. The biochemical steps of
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the glycolysis oscillations in the yeast Saccharomyces are well known. If the various
enzymatic reactions are combined in equations, oscillations occur in some of the reaction steps. Oscillations are indeed found
also experimentally, if to a suspension of
yeast cells glucose is added as a substrate
(Betz and Chance (1965)). The easiest way
of recording the oscillations is the measurement of the fluorescence of NADH
(figure 6.6). Depending on the conditions
the period lengths lies between two and 70
minutes. It depends strongly on temperature.
To observe the phenomenon, a yest suspension is starved (no sugar offered). If
the NADH fluorescence is constantly low,
glucose is added, so that the concentration
is 100 mM. Afterward potassium cyanide
KCN is added. The cells are now without oxygen. Glycolysis occurs now at 200 C

6.2 Yeast, glycolysis oscillator
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Figure 6.4: Combined time cues (light-dark cycle, temperature-change and shaking periods in
a 6-hour-measure, upper part of figure) synchronizes the rhythmic change of form in Thalassomyxa australis, whereas neither the combination of a light-dark-cycle and a temperature
cycle (LD and T cycle) nor a light-dark-cycle allown (LD) synchronize the rhythm. Shaking
combined with a light-dark cycle, however, does synchronize. After Förster and Engelmann
(1988)
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Figure 6.5: Course of glycolysis in yeast and feedback of substrates on enzymes. With ~ the positions are marked, at which oscillations occur. →: flow. Bent arrows: Feedback pathes. +: Activation, -: inhibition. Enzymes involved: HEX: Hexokinase, PFK: Phosphofructokinase, TPI:
Triosephosphate-isomerase, GAPDH: Glycerine aldehyde phosphate-dehydrogenase, ph: Phosphate, PGK: Phosphoglycerokinase, ADH: Aldehyde-dehydrogenase, NADP: Nicotinamidedinucleotide-phosphate. ATP: Adenosine triphosphate, ADP: Adenosine diphosphate. After
Chance et al. (1967)
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Figure 6.2: The change between an active
phase and a resting stage of Thalassomyxa
australis depends on the temperature of the
sea water. Period lengths is plotted on the yaxis, temperature of the sea water on the x-axis,
in which the amoebae were kept. After SilynRoberts et al. (1986)
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to cycle with a period lengths of about a
minute.
The oscillations occur in a critical range
of the flow rate, because than feedback
takes place in the course of the reactions
(figure 6.5). Goal of the glycolysis is, to
produce ATP. ADP controls thereby the activity of the phosphofructokinase (PFK) by
binding to a specific receptor of the enzyme. This alters the configuration of the
enzyme and it works hundred times faster.
At lower ADP-concentrations (that is high
ATP content) the glycolysis is inhibited. In
this way oscillations occur. The glycolysis
oscillations are also observable in cell free
extracts (Hess and Boiteux (1971)).
For the control and coordination of
metabolic events organisms use also ultradian clocks, which might proceed like
circadian clocks temperature-compensated .
They have, however, a higher frequency
and can not be synchronized by time
cues in a 24-h-measure. An example is
Paramecium. If the movement of individual Paramecium cells is observed under the microscope, periods are found, in
which these unicellulars swim longer distances more or less straight and choose
seldom another direction. After a certain
time, however, the pattern of swimming
changes. Now they swim only short distances in a straight way and change direction more frequently. This behavior occur in periods of 45 minutes (Lloyd and
Kippert (1987)). The same periods are
found also at higher and lower temperatures. Thus, this ultradian rhythm shows
like circadian rhythms a temperature compensation. It might imply a function as
a clock. In the meantime further examples for temperature-compensated ultradian rhythms have been found (overview
Lloyd and Rossi (1992)).
An ultradian clock for instance controls
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in rapidly growing cells of Schizosaccharomyces pombe cell division. The rhythm
has a period lengths of 40 to 44 minutes
(figure 6.7). This rhythm is temperaturecompensated and independent of the
growth rate (Kippert and Lloyd (1995)). It
continues to oscillate for at least 18 hours
without damping. This speaks in favor of
an intercellular communication. The CO2
formation in fermentation (figure 6.8) and
also in respiring cultures fluctuates with
the same period as O2 uptake and acidification of the culture medium. If cell division is blocked, the other three rhythms
continue to tun. They are thus not a direct
consequence of the cell division rhythm.
An ultradian clock seems to exhibit a general control of metabolic events (Kippert
and Lloyd (1995)).

CO2 -formation

Figure 6.6: Induction of glycolysis oscillation in yeast suspension. At time 0 (blue arrow)
glucose was added to the starved suspension. The stationary flow equilibrium is reached after an
oscillatory transition. Glycolysis was recorded by the fluorescence of the NADH (y-axis). After
Antkowiak (1987)
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Figure 6.8: CO2 -formation in a fermenting
Saccharomyces pombe culture at 300 C after
4 temperature cycles of 30 minutes 300 and 15
minutes 260 C (not shown). Measurements in
5 minute intervals in three different and independent experiments. The data were averaged
and smoothed. After Kippert and Lloyd (1995)
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Figure 6.7: Cell division in Saccharomyces pombe cultures. The culture was first synchronized
by temperature cycles of 30 minutes 330 and 15 minutes 270 . Afterward the cultures were
transferred into constant temperature conditions of 260 (upper diagram), 300 (diagram below)
and 340 C (lower diagram). The percentage of cells, which form a cross wall (septum), was determined as the septum-index. The results of time series analysis using maximum entropy spectral
analysis (MESA) are plotted at the right of the curves (spectral density plotted against period
lengths). They show at all three temperatures the same period lengths of about 40 minutes. The
period lengths is thus independent of the temperature of the medium. After Kippert and Lloyd
(1995)
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6.3 Neurospora

6.3 Neurospora
Neurospora belongs to the Ascomycetes.
The fungus forms a mycelium, in which
the cells are fused to a syncytium. We are
dealing with a kind of giant cell.
Filamentous fungi are more closely related to animals, as shown by newer studies (Wainright et al. (1993)). Therefore
studies of daily rhythms in fungi are of significance and might possibly help, to understand also the mechanisms of circadian
rhythms in animals. Fungi are furthermore genetically and biochemically well
studied. This is especially true for Neurospora crassa, an Ascomycetes. It is originally a native of tropical and semi-tropical
areas, but is in the meantime a cosmopolitan. Its developmental cycle and alternation of generations is described in figure
6.9. There is a sexual and an asexual propagation cycle. Ascospores are formed in
asci, which are in perithecia. Neurospora
produces furthermore also asexual conidia. For this the mycelium differentiates
into aerial hyphae, and they produce conidia.

6.3.1 Circadian rhythm of conidiation and other events
The switching between undifferentiated
mycelium growth and formation of aerial
hyphae is controlled by the circadian
clock. The period lengths of the rhythm
is 21.6 hours in the wild type (Dunlap
(1993)). Conidiation serves as a hand of
the clock and is easy to measure. During the daily alternation of light and dark
these asexual spores are produced in the
late night and the early morning. During
the conidia formation a dense mycelium
is formed. It is more ramified and aerial
hyphae grow out of the medium. On

Mycelium with perithecium

perithecium

sexual
reproductive
cycle

hyphe
germination

asexual
reproductive
e
cycle

conidia

ascus−
formation
ascospore
germination

aerial hypha

conidia formation

Figure 6.9: Developmental cycle and alternation of generations in Neurospora. Top: Sexual propagation cycle. Ascospores are formed
in Asci, which are in perithecia. After germination an ascospore forms a mycelium (coenocytic, that is, many nuclei in the common
cytoplasm). Perithecia are formed via protoperithecia. In a perithecium asci are made,
which produce ascospores, out of which again
mycelia develop. Now the sexual propagation cycle is terminated. Bottom: Asexual
propagation cycle. The mycelium forms asexual conidia (‘macroconidia´): Aerial hyphae
arise, which produce later conidia. They germinate and form new mycelia (the pattern formation of Neurospora crassa was described
by Deutsch et al. (1993)). The switch between
undifferentiated mycelium and aerial hyphae is
triggered by a circadian clock. After Springer
(1993)

51

6 Rhythms in amoebae, yeast and fungi
mycelium mat
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liquid culture with pantothenic acid medium without pantothenic acid
inoculated with mycelium platelets

starts to grow and to form mycelium and conidia bands
nutrient medium

neuros−mycel−pantothen/E265/040304

Figure 6.11: Circadian rhythms occur also in liquid cultures of Neurospora crassa. A mutant
with a panthothenic acid defect was reared with panthothenic acid, until at the surface mycelium
mats had formed (top left). With a cork borer circular pieces were punched out and transferred
in a liquid culture without panthothenic acid (top right). In this way growth is prevented. In
spite of it the circadian rhythm continues: On agar of a running tube containing panthothenic
acid circadian bands are formed (bottom)
their tips conidia are later formed (figure
6.10). Macroscopically they can be recognized easily as yellow bands. Since growth
is constant in spite of the conidia formation 1 , the rhythm can be recorded with a
ruler in the running tube and the intervals
between the center of subsequent conidia
bands determined (see running tube in figure 6.11 and a video clip of growing Neurospora crassa showing protoplasm streaming (Fungal Genetics Stock Center’s World
Wide Web Site, http://www.fgsc.net/)).

a conidiospore
b forms mycelium
c produces air hypha

d forms mycelium

e forms daily new air hypha

konidien−neuro/E263/060304
However, a special mutant, bd, has to be
used, which forms conidia also in closed tubes.
Otherwise the accumulating CO2 would sup- Figure 6.10: Conidiospores of Neurospora
press conidia formation.
The mutant bd crassa germinate and the hyphae on the sub-

1 see,

however Lakin-Thomas et al. (2001): With
time lapse video photography it was found, that
the band/interband -commitment at the growth
front is not tightly bound to the subsequent synchronization of the conidiospore differentiation.
This could indicate, that two circadian oscillators are present, which control these two events
and does also mean, that growth is not always
constant.
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strate form the mycelium. After some time
aerial hyphae are produced, which grow out of
the substrate as conidiophores and produce the
conidiospores. Afterward they grow again as
a normal mycelium on the substrate, until the
next conidia band is formed. This process reiterates each day. After Rensing (1993)

6.3 Neurospora
growth furthermore about 30% more slowly as a difference of 20 given in a 24 measure
compared to the wild type.
synchronize the rhythm of Neurospora

At a constant temperature and under
physiological darkness (weak red light)
the freerun period is 21 to 22 h. The
rhythm is temperature-compensated between 180 and 300 C. It can be phase shifted
by light pulses.
Although the conidia formation is
tightly coupled with the circadian oscillator, the latter functions also without the
conidia rhythm. Hands of the oscillator
are in this case for example biochemical
rhythms such as the amount of nucleic
acid and -synthesis, protein content,
enzyme activity (Hochberg and Sargent
(1974)), or the ratio of ADP to ATP in the
mitochondria. Furthermore some fatty
acids of membranes fluctuate periodically.
Other events which are connected with
differentiation are under circadian control.
The signals, which control these metabolic
processes and differentiation, are not yet
known. Such a signal could be cAMP,
which fluctuates in a circadian manner
(Hasunuma et al. (1987)). The circadian
clock of Neurospora can be observed also in
individual cells (freshly germinated conidiospores, Lindgren (1994)).

crassa (Francis and Sargent (1979)).
If a circadian clock is functioning correctly, it should not run with different
speeds at different environmental temperatures. The circadian conidia formation of Neurospora crassa is temperaturecompensated only between 180 and 300
(Q10 = 0.95) (Gardner and Feldman
(1981)). The temperature compensation
of the circadian clock does also in other
organisms function only in certain limits.
Outside of these ‘allowed temperatures’
the temperature compensation does not
work any more or the circadian clock stops
and stays in a special phase. At higher temperatures the Q10 is 1.3.

Various models were proposed for explaining the temperature compensation.
According to studies of Dunlap et al.
(1998) it is the result of the expression of
different amounts of two different kinds
of FRQ (sFRQ and lFRQ) at higher respectively lower environmental temperatures
(Liu et al. (1997)). At higher temperatures
more sFRQ is made, at lower temperatures
more lFRQ. Thus the ratio of the two FRQ’
depends on temperature. Both FRQ specimens are degraded by phosphorylation.

6.3.2 Time cues and temperature 6.3.3 The circadian clock of Neurospora
compensation
In the same way as light pulses
temperature-pulses can also shift the
circadian rhythm of Neurospora crassa
. Temperature cycles are even stronger
time cues in Neurospora as compared
to light-dark-cycles (Liu et al. (1998)).
Depending on the strength and duration
strong and weak reactions occur. These
effects are found in cultures on agar as
well as in liquid cultures. Heat shocks are
more effective than cold pulses. Already

How do circadian clocks control gene expression and how do they interact with
the environment? The underlying mechanism of these circadian rhythms will be
discussed briefly in the following. It is
quite complicated. In the case of the Neurospora system circadian control, control
by light, metabolic control and control of
the development interact.
In the following I will present first some
of the known essential components of the
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circadian clock work.
The product FRQ of the frq-mRNA of
the frq gene is one of the major players
in the circadian game of Neurospora crassa.
The frq gene was cloned and is a 7.7 kb
DNA consisting of two transcripts (4 and
4.5kb). If one of the two transcripts are
deleted, it fails to function. FRQ is in Neurospora responsible for the period lengths
and for the temperature compensation of
the clock.
Two further gene products are important, White Color WC-1 and WC-2. They
are exressed by the wc-1 and wc-2 genes.
Both genes were cloned. wc-mutants have
a low frq-expression in the dark and do
not show a circadian rhythm. Likewise
temperature is not capable to induce a
rhythm in these mutant. That shows, that
WC-1 and WC-2 are components of the
clock or are tightly connected with factors
of the clock. WC-1 and WC-2 are transcription factors with DNA binding positions, trans-activating domains and PAS
domain es for protein-protein interactions.
PAS domains are found in many regulatory proteins, which play a role for signal transfer and -perception of various
stimuli (light, chemical compounds, oxygen). In the the present case the PAS domain recognizes binding positions of light
regulated promoters and serves perhaps,
to interact between receptors and signaltransduction components.
WC-1 and WC-2 dimerize with each
other and form the White Color complex
WCC. The PAS domain is used for dimerization. WCC binds at two locations to the
promoter of the frq gene. This activates
the expression of the frq gene. The primary transcripts are spliced in a complex
way, which has strong effects on the produced protein. WCC transfers light signals
onto light-sensitive and clock-controlled
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genes (arrows to frq, wc-1 and ccg in figure 6.13). WC-2 is a frequent, constitutive
nuclear protein, which serves as a scaffold,
on which FRQ and WC-1 (which are out
of phase with each other) interact (Denault
et al. (2001)).
A further player in the circadian system
of Neurospora is VVD, a protein, which is
transcribed by the vivid gene (vvd). It has
been cloned and characterized (Heintzen
et al. (2000)). Light induces is rapidly,
but is independently controlled by the circadian clock. It is small protein with a
PAS domain. It affectsinput and output
of the clock, without being a part of the
clock-mechanism (vvd null-mutants are
still rhythmic).
Other players must be involved in the
circadian system of Neurospora, since frqnull mutants are still rhythmic (although
not in a circadian pattern). These players
are so far unknown (see subsection 6.3.3).
The product FRQ of the frq-gene is an essential component (a state variable) of the
circadian oscillator of Neurospora. mRNA
and protein production of the frq-gen are
parts of the feedback system, which constitutes the circadian clock. The products
of the frq-locus regulate their own production (Aronson et al. (1992), Aronson et al.
(1994)). That seems to be generally the
case in circadian oscillators. The underlying principle is shown in figure 6.12 as a
molecular feedback-oscillator.
A more specific model of the circadian clock of Neurospora was proposed by
Dunlap and his group using molecularbiological studies. It is shown in figure
6.13. According to this model the product FRQ of the frq gene is an essential
component of the circadian oscillator. The
mRNA and the FRQ protein of the frq
gene are parts of the feedback system, in
which FRQ controls its own expression via

6.3 Neurospora

R4
X: clock
mRNA

R2
dy/dt=k2X−k5Y
Y: clock
R1
protein
R5
R3
dx/dt=k1fi−k4X
dz/dt=k3Y−k6Z
Z: transcrip−
tion factor
R6

Goodwin/E272B/040304

Figure 6.12: Molecular feedback-oscillator according to Goodwin. The clock protein Y inhibits its own transcription from the clockmRNA (X) via the transcription factor Z. The
production rate of the intermediate products Y
and Z are linear functions of the concentrations of X respectively Y. Without inhibition
the X production occurs with a constant rate.
It is, however, inhibited by Z due to the inhibiting factor f i . Each intermediate product I (X,
Y or Z) is produced and degraded in the following way → k s → I → k d →I (S), whereby
ks is the synthesis rate term (k1, k2, k3 ) and kd
the degradation term (k4, k5, k6 ). I in (S) fluctuates between high and low values, depending
on whether synthesis reactions occur or, due
to inhibition by Z, do not occur. The reaction
chain (S) says, that the relaxation time (time
scale of approximation to the equilibrium in I)
depends on kd only, and that the period lengths
of the oscillation is determined by kd only.
Reaction R1: Formation of X, R2: Synthesis
of Y, R3: Production of Z, R4 to R6 (red arrows): Degradation reactions. Inhibiting factor fi = 1/1 + z9 . After Ruoff et al. (1999),
based on Goodwin (1965) and Murray (1993)

the white color complex WCC (Lee et al.
(2000)). FRQ would thus be a state variable in the circadian system (Aronson et al.
(1994)).
Light influences the circadian system
by activating the expression of frq via the
WCC complex. The complex is formed by
dimerization of the WC-1 and WC-2 proteins. Figure 6.13 illustrates the way, in
which light affects the clock work.
It was proposed (Loros (1995)), that light
influences the circadian clock by switching off the negative feedback of FRQ on its
own synthesis: Repression by FRQ is canceled (or: in spite of the presence of FRQ
induction takes place). This effect of light
can abolished by inhibition of the protein
synthesis or of the mRNA production. The
model explains the effect of single light
pulses on the rhythm of conidia formation
under continuous darkness, the behavior
under light-dark changes and under skeleton photoperiods. It furthermore clarifies,
how a light signal advances or delays the
rhythm as a function of the phase, at which
it was applied (figure 6.13).
WCC transfers light signals also to light
sensitive and clock-controlled genes (arrows to frq, wc-1 and ccgs in figure 6.13,
Arpaia et al. (1993)) independently of effects on the clock. There are further genes,
which are controlled by the clock as well
as directly by light.
Finally the vivid gene (vvd) participates
in the game. It influences inputs and outputs of the clock. It is induced by light,
but additionally controlled by the circadian clock, without being a part of the
clock mechanism (see figure 6.14).
Temperature effects are induced in Neurospora by post-transcriptional control (Liu
et al. (1998)). As mentioned, two different FRQ forms are made during the translation by two initiation codons, namely
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Figure 6.13: Model of the feedback -oscillator of Neurospora crassa. mRNA and FRQ protein
production of the frq-gene are parts of the feedback system in the circadian clock work. FRQ
plays several roles. It regulates the frq-mRNA via trans-effecting factors of circadian controlled
elements (CCRE’s) and causes in this way a specific transcription at certain times of the day.
It furthermore activates directly or indirectly genes, which are in this way controlled by the
circadian clock and are therefore called ‘clock controlled genes’ (ccg’s).
Additionally the effect of light is shown as the most important time cue. Light influences the
transcription of the frq gene, and the protein WCC plays a role in transducing the light signal.
In the late night and early morning a light pulse advances the rhythm. The advance is maximal,
if much frq mRNA is present. In the late day and early night a light pulse delays the rhythm.
At this time the concentration of FRQ declines. Since, however, the light pulse leads to more
frq mRNA, it takes longer, until the mRNA and FRQ are reduced. Light affects furthermore
clock-controlled genes (ccg’s) directly. Thereby WC-2 plays a role. It is re-activated in the dark.
After Dunlap et al. (1998)
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sFRQ and lFRQ. Each form leads to an oscillation at certain temperatures, but for a
robust rhythm both are needed (Liu et al.
(1997).
The setting of the rhythm by a
temperature step reflects also a posttranscriptional regulation. Although the
oscillations are alike at different environmental temperatures, the mean levels,
around which the FRQ values fluctuate,
differ. At a higher temperature the level is
higher (illustrated in figure 6.15).

light
flavin−
receptor
no

P

?

P

P P

vvd

?
feedback

deactivation

neuros−licht−n/E274B/050304

Figure 6.14: The vivid gene vvd is induced by light, which it receives through a
flavin-photoreceptor via the transcription factor WCC (consists of WC-1, violet, and WC-2,
brown, top). It feeds back to the input path of
the light via the transcription factor WCC of
the frq gene (center) (right ?) or to the light
signal transduction path of the photoreceptor
to the transcription factor WCC of the frq
gene (left ?), but not (no) to the photoreceptor
(dashed path). The vivid gene is thus induced
by light, but independently controlled also by
the circadian clock, without being a part of the
clock mechanism. After Linden et al. (1999)

FLO oscillator The role of FRQ was recently newly interpreted twofold: One
group doubts, whether it is indeed an essential constituent of the circadian clockwork (that is, a wheel in the clock work).
This group claims, that FRQ participates
only in processes, which lie before the oscillator and affects (via lipid signals?) the
actual oscillator (Roenneberg and Rehman
(1998), Lakin-Thomas (2000)). It was proposed, to separate transcription and feedback of the protein on its own mRNA formation from the actual oscillator (figure
6.16).
The other group adds another oscillator
(or perhaps even more?) to the FRQ oscillator (so called FRQ-less oscillator FLO).
Although the FRQ oscillator is needed for
the circadian rhythm, it is probably not
sufficient (Iwasaki and Dunlap (2000)).
Reasons for assuming an additional oscillator are earlier reports on the frq9 mutant (Loros and Feldman (1986), Loros
et al. (1986)). This mutant shows still
a rhythm, however several characteristic
properties of a true circadian rhythm are
lacking. Thus, the rhythm is shown only in
a part of the cultures in the running tubes,
the period lengths is quite variable (12 to
35 hours), it can not be synchronized by
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Figure 6.15: The clock of Neurospora is shifted towards evening by an upward temperature
step (left, red arrows), where the FRQ level is low (upper curve). Temperature steps downward
(right) shift the rhythm to a morning phase, where the FRQ level is high, independent on the
phase of the cycle, at which the step occurred (origin of the corresponding red arrow in right
part). After Dunlap (1999)
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other outputs
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Figure 6.16: After Lakin-Thomas FRQ is not directly an essential part of the circadian oscillator, but rather a part before the oscillator. Light acts via WC-1 and WC-2 on FRQ (temperature
and developmental signals influence FRQ too). FRQ influences the circadian oscillator via lipid
signals. Experiments with the mutant cel and chol-1 speak in favor of this interpretation. CEL
and CHOL-1 affect the lipid composition and thus the lipid signal and the oscillator. The circadian oscillator controls ‘clock controlled genes’ (ccg’s), conidia formation and other processes.
The circadian oscillator has outputs, one of which feeds back to the lipid composition. After
Lakin-Thomas (1998)
out of step with the day-night cycle and
would become unreliable. Photoreceptors
and transduction pathes to the clock must
therefore be present. Temperature cycles
are in Neurospora even stronger time cues
as are light-dark cycles. That could be
important for a molt which grows often
Significance of the circadian system
on substrate, which is not exposed to the
day light. Additonally the circadian clock
The circadian system represents a reli- mechanism of Neurospora possesses a temable clock, because positive and nega- perature compensation, which is essential
tive acting feedback loops are interacting, for a reliable clock.
which do not only determine the period
length of the circadian clock, but confer
also robustness and reliability (Yang et al.
It was also discussed, whether an an(2001)). This clock does not only run under continuous light or continuous dark- nual rhythm in spore production, which
ness and constant temperature conditions is often found in fungi, is present also in
and controls tributary events, but has to Neurospora and whether it is photoperiodbe synchronized in nature also to the 24 ically controlled (Roenneberg and Merrow
hour day. Otherwise it would rapidly get (2001)).
light cycles, and it is not temperature- and
nutrient compensated. It reminds of the
strange rhythm of Thalassomyxa australis
(see section 6.1) and represents perhaps a
developmental rhythm.
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6.3.4 Outputs of the clock, clock- the energy load fluctuates in a circadian
way (Delmer and Brody (1975), Schulz
controlled genes
The outputs of the clock and the mechanism, how the observed rhythms are
achieved, are also important parts of the
circadian system. The best studied circadian rhythm of Neurospora is the switch of
the hyphae from growing on and beneath
the surface to growing into the air and the
subsequent conidia formation. Rhythmic
conidia formation shows up only at the
growth front of the mycelium, while growing on solid medium. There it is decided,
whether aerial hyphae, conidiospores and
carotinoide are produced or not.
Many biochemical rhythms are connected with this developmental switch:
The number of hyphae and aerial hyphae,
the hyphal branching, septum formation,
delivery of ripe conidia, division of the
nucleus, glycolysis, lipid metabolism, the
glyoxalate cycle, the tricarbonic acid cycle, the deposition of lipids, the synthesis
of carbohydrates, CO2 production, and the
activity of a number of enzymes. First of
all it has of course to be checked, whether
these events are rhythmic only, because
they depend on conidia formation. Alternatively these rhythms could arise also independently. To show, that for instance
certain enzymes show a circadian rhythm
independent of conidia formation, The
connected morphological changes have to
be prevented. This can be obtained by using for instance liquid cultures. Not only
in studies using Neurospora, but also in
those using other organisms it was found,
that the circadian clock controls mainly enzymes at crucial points of the metabolism.
This seems to be a general principle of circadian control.
Other events in the life cycle of Neurospora are under circadian control. Thus,
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et al. (1986)), the amount of heatshock proteins (Kallies et al. (1998)), and the delivery of ascospores are examples (Brody, unpublished). The period length of these
rhythms corresponds to the one of the
conidia formation.
Genes, which are rhythmically expressed also under constant conditions
with a period lengths corresponding to the
one of the genotype of the stock, are called
clock-controlled Genes (‘ccgs´). If the function of these genes is lost, the clock is not
affected. Their function is restricted to the
output of the clock. They have to be distinguished from genes, which are developmentally regulated and from genes, which
react to environmental changes. Clockcontrolled genes are driven by the circadian clock via factors, which pass phasespecific time information to the target
genes (see figure 6.17 and Loros and Dunlap (2001)). In the meantime quite a number of ccgs are known, and many will be
added, if differential screening and microarray analysis are used.
How the time is read from the clock is
not yet understood.
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ccg-12
ccg-6,ccg-9
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ccg-8

ccg-1,al-3,vvd,bli-3,frq
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ccg-4

6.3 Neurospora

24

circadian time [h]
Figure 6.17: Maxima of mRNA of various clock-controlled genes of Neurospora. During the
late subjective night and the early morning: ccg-1 (identity unknown), al-3 geranylgeranylpyrophosphate synthase, vvd (vivid, light repressor), bli-3 (identity unknown), frq (clockcomponent, transcriptional co-repressor) and ccg-4 (identity unknown). During the subjective evening and the early night: ccg-12 (or cmt, cupper-metallothionein, ccg-6 (identity unknown) and ccg-9 (trehalose-synthase), ccg-8 (identity unknown), ccg-7 (glycerine aldehyde
3-phosphate dehydrogenase), ccg-2 or eas, hydrophobin). From table 2 in Loros and Dunlap
(2001)
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7 Rhythms in mammalian cells
Cell clocks can be studied not only
in unicellulars, but also in cells of tissue. In this chapter some examples for
rhythms in the body of mammals are presented. In contrast to unicellulars the cells
of mammals are, like in other multicellulars, specialized, in order to store and digest food, to eliminate toxic substances, to
allow movement and much more. They
form tissue (muscles, fat tissue) and organs (liver, kidney, brain). These cells
in tissues and organs contain circadian
clocks (see figure 7.2), and the phase position of their day/night-rhythm differs.
Time cues for tissue can either act directly
(light in the SCN) or indirectly (food in the
liver, information from the SCN). Each tissue and each organ has its own pattern
of rhythmically transcribing genes1 (figure
7.1, Storch et al. (2007)). It reflects the various tasks and needs of the organs and
allows, to function optimally under the
rhythmic conditions of the environment
existing since million of years by simulating these periodic fluctuations by an internal clock. This clock coordinates the transcription of genes for the most important
metabolic pathes and directs the course of
physiological processes and the behavior
(Holzberg and Albrecht (2003)).
In the following we will get to know
1 only

about 10% of the rhythmic genes are found
in at least one other tissue, which is known
to contain clock-genes. These common genes
are probably tightly connected with the clockmechanism or represent new clock components
(studies of Duffield et al. (2002) using microarray technology)

cell clocks in various tissues of mammals.
It will be shown, how complex systems
(metabolism, brain) interacts with the circadian center and the environment. It will
furthermore turn out, that some diseases
are caused by systemic malfunctions (see
chapter 8).
In the hypothalamus of the brain is a
center of rhythmic control, the suprachiasmatic nucleus (SCN, see section 7.1). It
controls numerous areas of the central nervous system and the body, allowing to
adapt their circadian rhythms to the optimal times. The SCN is provided via the
eyes with information of the light-dark cycle in the environment (see section 7.3).
It contains furthermore also information
from the body about its conditions and
needs (see figure 7.2).
Cells of peripheral tissues can generate
circadian rhythms, but they are not directly synchronized by light (Schibler et al.
(2003)). They have therefore to be set by
nonphotic time cues to the correct time,
and food uptake is the most important
one. Feeding during the day inverts the
phase of the expression of circadian clock
genes in night-active rodents in the laboratory in many tissue such as liver, kidney
and heart, but has no effect on the rhythm
in the SCN. We have to assume therefore,
that normally the SCN synchronizes the
peripheral clocks mainly by the feeding
behavior, which is then again caused by
the sleep-wake behavior. Additionally the
body temperature rhythm, which is also
dependend on the pattern of the food up-
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Figure 7.1: Circadian rhythms in cells (with introduced luc-gene) of various organs
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Figure 7.2: The central clock in the SCN of the hypothalamus controls peripheral clocks in the
tissues and organs of the body. The oscillators in the SCN are synchronized by the light-dark
cycle and other time cues of the environment
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7.1 SCN and its inputs and outputs
take, synchronizes the activity of circadian
clock genes in vivo and in vitro.
The SCN can set phase of rhythmic gene
expression in the peripheral tissue also
via direct chemical signals. Whereas the
SCN reacts only during the night to light,
peripheral oscillators can be influenced
by numerous chemical signals during the
whole 24 hour day. Dexamethason, for instance, an antagonist of glucocorticoide receptors, restarts the rhythm of liver gene
expression during any time of the day.
It is not yet clarified, how many rhythms
of the peripheral organs and tissues are
coupled and constitute a coherent system.
To answer this question, Kurumiya and
Kawamura (1991) measured the electrical
activity in the SCN and outside of it in the
lateral and the ventromedial hypothalamus. Blind rats with bilaterally destroyed
SCN showed no more a circadian rhythm
of the electric activity in the hypothalamic regions and no locomotor activity, if
enough water and food was available, but
it did under restricted food supply. Similar
results were obtained in Guinea pigs (Kurumiya and Kawamura (1988)). Stokkan
et al. (2001) studied the effect of cyclic
feeding as a strong time cues on the gene
expression in liver, lung and in the SCN.
They used transgenic rats, the tissue of
which produced luciferase in vitro. Thus
the rhythm could be measured by using
the luminescence of the tissues and organs. It turned out, that the rhythm in the
SCN was still synchronized by the lightdark cycle, but feeding restricted to certain times shifted the rhythm of the liver
within two days. The liver can thus be
synchronized by food independent of the
SCN and of the light-dark-cycle.
How the oscillators in the SCN control
the locomotor activity and other events in
a circadian manner, is so far only insuf-

ficiently known. Guo et al. (2005) used
parabiosis between intact mice and mice
with removed SCN. They found, that nonneural signals (behavior or blood-born)
sustain the circadian rhythm of gene expression in the liver and the kidney, but
not that of the heart, the spleen and the
skeleton muscles. The SCN thus controls
the expression of circadian rhythms in various peripheral organs via different pathways (Guo et al. (2005), Froy (2007), Froy
et al. (2008), Guo et al. (2006), Hastings and
Maywood (2000), Maywood et al. (2007b),
Maywood et al. (2007a)).
How strong the rhythms in peripheral
tissues and organs are, is shown by the
fact, that they do not disappear after SCN
lesions (Grundschober et al. (2001)). They
are, however, not anymore synchronized
with the LD. The SCN is thus needed for
synchronization, but not for the preservation of peripheral rhythms.

7.1 SCN and its inputs and
outputs
In all mammals the circadian system is
dominated by the SCN. It consists of
a paired aggregation of about 8000 to
10000 cells in the anterior part of the
hypothalamus (figure 7.3). It is an autonomous rhythm generator, which operates via secretion of hormones and via
the parasympathetic and sympathetic nervous system (Buijs et al. (2003), Buijs
et al. (2006)). It prepares not only the
body for changes to be expected in the
activity rhythm, but also its organs for
the hormone secretions connected with it.
It controls rhythmically besides behavior
(locomotor activity, sleep/wake) a large
number of physiological processes (body
temperature, Ruby et al. (2002), hiberna-
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Figure 7.4: The SCN of a rat was removed on the 28th day of freerun (running wheel activity).
The activity became arrhythmic, as shown in the actogram (left). Shown at the right are the
power spectra for the pre-lesion period (top) and the post-lesion period (bottom). The 25 hour
rhythm, which was significant before the lesion (blue maximum above the significance line),
disappears (red curve). After Wollnik (1995)
tion, Ruby (2003), functions of the circulation and endocrine events (Hastings et al.
(2007), Haus (2007), Kriegsfeld and Silver (2006), Vollrath (2002)). How important the paired SCN is, shows up, if this
part of the hypothalamus is destroyed or
removed. The animals become arrhythmic. They show, however, a circadian
rhythm of the behavior again, if fetal SCNtissue is implanted (Lehman et al. (1987)
and figure 7.4 for rats). The SCN-tissue
can also originate from other species (Syrian hamster, mice or rats). The induced
period lengths corresponds to the one of
the donors (Syrian hamster, mice, Sollars
et al. (1995)). Cultured SCN-cells are also
able to induce a circadian rhythm even
after weeks in Syrian hamsters, in which
the paired SCN was destroyed and which
were therefore arrhythmic. The cells were
implanted at the location in the brain, at
which the SCN is normally situated (Sil-
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ver et al. (1990)). The structure of the SCN
must thus not be preserved. If the SCNcells of two genotypes with different periods were implanted together, a coherent
rhythm results. The cells are thus able to
communicate and to compromise on an
average period length (Ralph et al. (1993)).
The circadian rhythm is the result
of clock-genes, which interact with
negative and positive selfsustained
transcription/translation-feedback loops.
To these clock-genes belong also cryptochrome 1 and 2. The double mutant
mCry1/mCry2 does therefore lack a
rhythmic running-wheel behavior under
continuous darkness. Besides the absence
of a rhythmic cryptochrome-expression
the circadian firing in SCN slices is also
missing.
Cryptochrome and thus an
intact circadian clock work are necessary
for the circadian electric activity in SCN
neurons (Albus et al. (2002), see however
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Figure 7.3: Overview of the connections from
the retina via the retino-hypothalamic tract to
the SCN (magenta), from there to the paraventricular nucleus (pink) and (blue) to intermediolateral cell columns, to the upper cervical
ganglion (light blue) and (brown) to the pineal
organ. See also text. After Teikari (2006)

Yamanaka et al. (2007) and Fan et al.
(2007)).
Cells of neonatal SCN of rats were
cultivated on microelectrode grids and
the spontaneous action potentials of individual SCN-neurons recorded for days
and weeks. They showed clear cicadian
rhythms, which were, however, not synchronized with each other in spite of numerous functional synapses (Inagaki et al.
(2007)). After reversible blocking of the action potentials for more than 2.5 days the
rhythms reappeared with the same phase
they had before. Thus, the individual cells
of the SCN contain circadian oscillators.
The synapses formed in vitro are neither
needed for the functioning of the oscillators nor for their synchronization.
Herzog et al. (1997) used multimicroelectrode plates for recording extracellular
action potentials in cultured SCN cells of
mice simultaneously at various locations.
Neurons in the isolated SCN showed for
weeks circadian rhythms of spontaneous
electrical activity. The same method was
used by Welsh et al. (1995). They too were
able to record electrical activities of individual SCN neurons in cultures for longer
intervals. Within a culture cells with different phases and periods were found, although functional synapses had formed
(Kohsaka and Bass (2007)). Klisch et al.
(2006) examined the electrical activity of
individual SCN neurons of one to two
days old rats using multi-microelectrodes.
With a low cell density in the culture
the individual SCN neurons exhibited different circadian phases. In these cases
synchronous firing in adjacent electrodes
was seldom observed. The SCN neurons
thus function as independent pacemakers.
Melatonin pulses were able to shift the
phase of the rhythm in individual pacemaker cells -without connection to other
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neurons. Shifts of this kind occurred also
at times, at which the pulse did not lead to
phase shifts in individual SCN neurons in
cultures of SCN slices. Thus, the neuronal
network plays a large role in phase shifts.
The cells of the SCN interact with vasoactive intestinale polypeptide (VIP) via
VPAC(2)-receptors. Mice without functional VPAC(2) receptors do not show
a rhythm in behavior and likewise no
rhythm in electrical signals in the SCN cultures (Brown et al. (2007)).
We have to elaborate on two questions.
How does the activity rhythm evolve in
day- and in night-active animals? And
how are animals able to measure the
daylength, in order to react photoperiodically to it (for instance by beginning to
hibernate, if the days become shorter in
the fall)? First the first question. The
sleep-wake -rhythm of fetal and young
rats was measured postnatal in P22 , P8,
P15 and P21-animals. Differences in the
sleep-wake-activity were present already
in P2. The nocturnal activity started to
develop around P15 and was reliable in
P21-animals. To test, whether the process of light-synchronization, which occurs during the course of the first postnatal
week (in which the connections between
the retinohypothalamic tract and the SCN
arise), would lead later on to the nocturnal activity of the animals, P3 and P11
rats were blinded, that is, before and after synchronization by light. Whereas the
P11 animals, which were tested in P21,
were more active in the night (same as
the controls with sham surgery), the P3
animals, which were also tested in P21,
were more active during the day. Animals
tested at P28 and P35 kept this daily pattern. Thus, pre- and postnatal experience

leads to species specific circadian sleepwake-patterns. The contact of the visual
system with the SCN via the RHT affects
the organization of the developing circadian system. Nocturnal activity is established in these animals (Gall et al. (2008)).
The metabolism in the SCN is circadian (Schwartz and Gainer (1977)) and independent of the animals being day- or
night active, stronger during the days and
weaker during the night. This rhythm
occurs also in vitro in the isolated SCN
(Newman and Hospod (1986)).
Before answering the second question,
how the animals measure daylength for
being able to react photoperiodically, we
have to look at the structure of the SCN in
more detail. It consists of a nucleus and
a shell 3 with characteristic neurotransmitters of its neurons (Reuss (2003), Meijer
and Schwartz (2003)), with different innervation (overview Bartness et al. (2001), Esseveldt et al. (2000), figure 7.5) and with
different functions: Whereas the oscillators in the shell of the SCN react to signals
of the retina caused by light, the oscillator
cells of the nucleus do not. However, the
oscillators of the nucleus and of the shell
are mutually coupled and have therefore
the same step (the same phase relationship). The electrophysiological activity of
horizontally cut sections of a hamster SCN
shows two specific oscillating components
(Jagota et al. (2000)). They might reflect
the activity of a morning- and of an eveningoscillator, which was predicted already before from behavioral studies (Pittendrigh
and Daan (1976), Illnerova and Vanecek
(1982)). In night active rodents the morning oscillator would herold the end of the
active period and would be synchronized
3 for the topographic situation see Yamaguchi et al.
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by dawn, whereas the evening oscillator
starts activity and is synchronized by dusk
(Inagaki et al. (2007)). This would explain,
how behavioral rhythms could keep their
phase relation to the day/night-rhythm,
although in the temperate and higher latitudes the daylength changes during the
seasons. Photoperiodic reactions could
also be explained by these oscillators.
How are theses individual oscillators in
the SCN organized? To find out, Inagaki
et al. (2007) performed quantitative imaging analysis using time lapse cameras, and
in the brain slices a green fluorescent protein (GFP) with a short half life was used
as a reporter for the circadian clock-gene
period1 (per1). Per1-promoter rhythms
were recorded on the level of the SCN and
in individual neurons in the SCN and the
temporal pattern determined in the lightdark-cycle and under continuous darkness. Additionally patch-clamp methods
were performed on single neurons, in order to demonstrate electrophysiologically
the relation between Per1-gene-expression
and the neurophysiological reaction. In
LD as well as under DD the total rhythm
of the SCN is composed of the individual
cell rhythms, which show maxima in distinct groups with 3 to 4 hour differences in
phase. The phase relationship of the Per1oscillation and the locomotor activity and
the phase relationship between the individual neuronal oscillators in the SCN differ under LD and DD.
The oscillators in the posterior SCN
were coupled at the end of the activity
under three photoperiods (LD 18:6, 12:12
and 6:18). The oscillators in the anterior
SCN were coupled with the begin of activity, showed, however, a bimodal pattern
under the long photoperiod (18:6). This
is caused by two cell groups containing
circadian oscillators with an early respec-

tively late phase position. Under LD 12:12
and LD 6:18 the pattern was unimodal.
There are thus three oscillator groups in
the SCN, and at least two of them are involved in photoperiodic reactions (Inagaki
et al. (2007)).

7.1.1 Inputs of the SCN
Light is in mammals perceived by the
retina of the eyes and a signal is transferred via the retinohypothalamic tract
(RHT, figure 7.13) to the shell of the SCN.
There the neurons are synchronized, the
firing of which is under circadian control.4
Besides the RHT there are further inputs to the SCN, which derive from neuropeptid Y (NPY)-containing neurons of
the intergeniculate leaf of the lateral genicular complex (Shibata and Moore (1993)).
This cord ends in the dorsomedial part, the
core of the SCN. The inputs come from visual sources and the neurons show therefore rhythms, which are light-independent
(references in Ibata et al. (1999)). Stimulation of these nerves or NPY-infusion into
the SCN of intact animals leads to phase
shifts, which differ from those of the RHT,
but resemble the one, which are induced
by perturbations of the locomotor activity.
Phase shifts of the circadian rhythm in the
SCN are thus evoked by activation of two
different inputs and the physiological effect on the oscillators in the SCN differs a
lot.
Rhythmic information are also transferred by diffussible substances.
4 Electrical

stimulation of the optic nerves or the
chiasm activates the RHT and leads to phase
shifts in the activity of the SCN-neurons of hypothalamic slices in vitro. The phase response
curve resembles the one of intact animals under continuous darkness, if the circadian rhythm
is shifted with light pulses (Shibata and Moore
(1993))
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Figure 7.5: Left: The suprachiasmatic nuclei (SCN) of mammals are paired structures at the
lower end of the third ventricle and above (‘supra´) the optic chiasm in the hypothalamus. A
coronal section through the SCN shows a dorsomedial part (‘shell´) and a ventrolateral part
(‘core´). Inputs into the SCN are from the retina via the retinohypothalamic tract (RHT), from
the raphe nucleus and from the intergeniculate leaf (IGL). Outputs are to the thalamus, the
paraventricular nucleus (PVN) and other areas of the brain. The shell consists of numerous
cellular oscillators, which do not react to light inputs. The core, however, consists of cellular
oscillators, which react to light signals.
Right: A horizontal section shows the anterior SCN (brown), which consists of a population of
cells, which are assumed to be morning-oscillators, and of the posterior SCN (green), which are
thought to represent evening oscillator. Coupling between the various groups is indicated by the
double arrows. After Shigeyoshi et al. (1997), and Dunlap (2000)
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Figure 7.6: Events between light perception, SCN clock neuron and target cell: Light is perceived in ganglion cells of the retina. Neurotransmitter glutamate (violet) is secreted and reacts
with receptors (black bar). The expression of mPer and mCry of the clock-gene (cg) is turned on
via a negative feedback loop with amplifying factors CLOCK (green) and BMAL (blue). Ca2+
is involved in it. Clock-protein-mRNA (red circles with ~) are produced, leave the nucleus
and synthesize clock-protein (triangles) in the cytoplasm. It enters the nucleus, interacts with
mPER and facilitates its translation by inhibiting the CLOCK-(green) and BMAL-(blue) dependent transcription: The mRNA concentration decreases. After a time delay negative acting
complexes are inactivated and the gene expression begins again. The next round of negative
and positive acting factors boost the rhythmic expression of clock-controlled genes (ccg´s). The
product, clock-controlled proteins, contain information concerning time of day and pass it to
the SCN-neurons and, via synaptic or paracrine signals, to target cells. Target-specific circadian outputs via cytoplasmic reactions or reactions in the nucleus affect secondary ccg´s. An
example is the N-acetyltransferase. It controls the melatonin synthesis. After Hastings and
Maywood (2000)
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Of the outputs of the SCN the projections to the pineal organ are well known.
Synthesis and secretion of melatonin in the
pineal is controlled by the SCN in a circadian fashion (see section 7.4 and Simonneaux and Ribelayga (2003)).

7.1.2 Outputs of the SCN
The outputs of the SCN signals to the
hypothalamus use neuronal as well as
hormonal mechanisms for communication.
The same applies for the paraventricular nucleus, an important center for the integration of neuroendocrine,
homeostatic and autonomic functions, as
shown by studies of Tousson and Meissl
(2004). They recorded the electric activity of SCN-neurons with electrodes and
compared it with those of structures outside the SCN (for the anatomy see figure
7.7). In both cases the same phase position was found. If the SCN were removed,
the rhythm in the hypothalamus disappeared. It could, however, be recovered
by implanting SCN. Since the neural connections were absent, a hormonal factor
must be responsible for the reappearing
rhythm. Periodic application of argininvasopressin (AVP) is able to reconstitute
the rhythm in the hypothalamus.
The outputs of the SCN were studied by
Yamazaki et al. (1998). They used multiple electrodes in the SCN of freemoving
Syrian hamsters to record neural activity
and compared it with the running wheel
activity under LD and continuous darkness. The circadian rhythm of the wildtype was in both cases about 24 hours
long and in the homozygote tau mutant
20 hours. Neuronal activity rhythms were
recorded also outside the SCN in the ventrolateral thalamic nucleus, the caudate
putamen, the nucleus accumbens, the me-
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dial and the lateral septum, the ventromedial hypothalamic nucleus, the medial
preoptic region and the stria medullaris.
All these rhythms were out of phase with
the electric rhythm in the SCN, but in
phase with the rhythm of locomotor activity, and the maximum occurred during
the night. Besides the circadian rhythms
there were also ultradian rhythms. One of
it with a period of about 80 minutes was
in antiphase with a corresponding ultradian rhythm in the SCN and another one
with a period of about 14 minutes was
in phase with the one in the SCN. The
periods of these ultradian rhythms were
identical in the wildtype and in the taumutant. The Bett-nucleus of the Stria terminalis (BNST) seems to be tightly coupled with the SCN, because its circadian
as well as its ultradian component was always in phase. Furthermore the electric
activity in the BNST and in the SCN was
suppressed, if the hamster was running in
the wheel, whereas the activity in other
areas was increased. It is likely, that we
are dealing with here a main output of the
SCN.
Another important output of the SCN
is to the subparaventricular zone (SPZ,
see figure 7.7). Lu et al. (2001) studied
its significance in circadian processes such
as sleep, body temperature and activity
in rats. They used tightly confined lesions in the ventral or dorsal SPZ by using ibotenic acid, without affecting the directly adjacent paraventricular hypothalamic nucleus (PVH) and the SCN. Ventral
SPZ-lesions reduced the circadian index
of sleep by 90% and the locomotor activity by 75%, whereas the circadian index
of the body temperature-rhythm was reduced only by 50%. Dorsal SPZ-lesions,
however, reduced the circadian index of
body temperature by 70%, the one of the
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Figure 7.7: The suprachiasmatic nuclei (SCN) of mammals are paired structures at the lower
end of the third ventricle and are situated above (‘supra´) the optic chiasm in the hypothalamus.
Below the hypothalamus are the pituitary, above the thalamus. After Teikari (2006)
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locomotor activity by only 45% and the
one of sleep by 5% only. Instead ultradian rhythms of about 3 hours occurred
in body temperature and in sleep. Lesions of the PVH directly dorsal of the
SPZ affected none of the recorded circadian rhythms, and the basic temperature
was not affected either. However, lesions
of the PVH reduced strongly the fever reaction after injecting lipopolysaccharides.
The circadian rhythm of sleep and of body
temperature is thus controlled by different
neuronal populations in the SPZ.
Another projection of the SCN was studied by Terazono et al. (2003) in mice.
There are polysynaptic connections between the SCN and the liver. To clarify,
whether the sympathetic nervous system
is involved, adrenalin/noradrenalin was
injected into the SCN, or the sympathetic
nerve was stimulated, and tested, whether
the mPer-gene is expressed in the liver.
mPer1-, but not mPer2 was produced
both in vivo and in liver slices in vitro.
Electric stimulation of the sympathetic
nerve or adrenalin injection increased the
bioluminescence in the liver in transgenic mice containing mPer1-promoterluciferase. If the SCN was destroyed, the
daily rhythm of the mPer1-, mPer2- and
the mBmal1-genes flattened. Likewise the
noradrenalin rhythm of the liver damped
out. By daily injections of adrenalin at
a certain time of the day for 6 days a
rhythm of mPer2- and mBmal1-gene expression could be re-initiated at the 7th
day in the liver of the mice with SCNlesions. Elimination of the sympathetic
nerves by 6-hydroxy-dopamin flattened
the daily rhythm of mPer1- and mPer2gene-expression. Activation of the sympathetic nerves by noradrenalin- and/or
adrenalin-application was also a factor,
which controlled the peripheric clock.
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Not much is known about the information flow from the periphery of the
body to the SCN. The circumventricular
organ in the brain has, like the ventricular area, only an imperfect blood-brainbarrier. Neurons in this area can therefore recognize chemical compounds in the
blood such as peptide hormones, without
having to rely on special transport systems, which allow these substances to pass
the blood-brain-barrier. A number of hormones, neurotransmitters and cytokinines
are effective in the ventricular and the circumventricular organ or are here secreted.
The pineal organ, the hypothalamus and
the pituitary lie also in the circumventricular area. Buijs et al. (2006) studied the arcuate nucleus in the hypothalamus, which is
responsible for the homeostasis of energy
and integrates long- and short-term signals of hunger and satiety. Receptors for
insulin, leptin and ghrelin receive here information from the periphery and transfer
them to the central nervous system. Neuroanatomical studies with injections of retrograde and anterograde tracers into the
arcuate nucleus and into the SCN showed
mutual connections between the SCN and
the arcuate paraventricular nucleus (figure
7.7), in which signals connected to food are
relayed to the SCN.
So far it was assumed, that the circadian
system of mammals consists of the central oscillator, the SCN, and slave oscillators in most of the peripheral tissue and organs. Whereas the SCN-neurons are selfsustained oscillators, it was believed, that
the rhythms of the peripheral oscillators
damp our rapidly, if not any longer under the control of the SCN. However, it is
perhaps not the damping of the rhythms
in the individual cells, but a desynchronization among them. Welsh et al. (2004)
observed therefore the circadian clocks of

7.2 Astrocytes
individual rat fibroblasts for up to two
weeks and showed, that they continue to
run undamped. Changing the medium at
the onset of recording synchronized the
rhythms first, but since the periods of individual cells varied, a damping of the
rhythm in the population would occur a
few days later. Even adjacent cells in the
culture exhibited different phases, indicating, that the cells are not functionally
coupled5 . Nagoshi et al. (2004) did also
show, that NIH3T3 mice fibroblasts contain self exciting and cell-autonomous circadian clocks, as do SCN neurons. The circadian gene expression of the fibroblasts
continues also during cell division, and
the oscillator determines the time of cytokinesis.

7.2 Astrocytes
Astrocytes (astroglia) are star-like glia cells
in the brain and the spinal cord (see figure
7.8).
In the brain there are ten times more
than neuronal cells. They are electrically connected, support the brain structure, aid the metabolism and the activity of neuronal cells, regulate the ion concentration in the extracellular space6 , are
plasma membrane transporter for neurotransmitters such as glutamate, ATP and
GABA and can discharge them in vesicles.
5 Rougemont

and Naef (2007) developed a model,
which explains the damping as desynchronization of the individual oscillators. It is based on a
stable limit cycle (stiffness of the individual frequencies), fluctuations of the periods and of the
intercellular coupling strength. The latter is too
weak for synchronizing the cells
6 active neuronal cells deliver potassium ions,
which are taken up by the astrocytes. Otherwise they would depolarize the neuronal cells
(epilepsy!)

Astrocytes repair and scar over the brain
after traumatic injuries and phagocytose
necrotic neurons. There are various types
of astrocytes, for instance protoplasmatic
and nerve fiber -escorting once. The starlike protrusions envelope the synapses of
neuronal cells.
Astrocytes nourish neurons by taking
up glucose from the capillaries, converting it to lactate and by discharging it in the
extracellular surrounding. From there it
is taken up by the neurons and converted
into energy in their mitochondria. Astrocytes store smaller amounts of glycogen.
It serves as a reserve for cases, in which
the metabolism of local neurons is exceptionally high. Astrocytes produce many
proteins, which are important for survival,
migration, differentiation and functioning
of adjacent neurons. This role is particularly obvious during development, is,
however, still preserved in normal adult
brains and is fortified after injuries. The
molecules involved are, among others, cytokines, chemokines and trophic factors.
They can act as trophic or toxic substances
and are -depending on the developmental stage and maturation of the brain- induced by signals, which influence the astrocytes. The molecules secreted by the
astrocytes differ locally, allowing them to
interact specifically with the adjacent neurons (Jean et al. (2008)).
Astrocytes are thus able to communicate with the neurons. If, for instance, the
Calcium concentration in the astrocytes increases, they deliver glutamate. This reduces in most of the neurons the signal
activity. The neurons, on the other hand,
are able to communicate via glutamate
with the astrocytes. The glutamate provokes the astrocytes to produce and deliver trophic factors. This makes it easier for neurons to process information for
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Figure 7.8: Astrocytes close to a blood capillary of the brain, with starlike protrusions, osmiated. Image of a preparation of Dr. Klaus
Reutter
the memory. This might play a role in
the Alzheimer disease. Other brain diseases could be connected with glutamate
delivery by astrocytes. It has, for instance,
been assumed, that due to the HIV virus
or due to lack of oxygen after a stroke
too much glutamate is discharged and that
this causes the death of neurons. If the astrocytes could be induced by certain drugs
to take up glutamate, the neurons would
not die.
The SCN contains also astrocytes, as
shown in mice by using immune reactions with a specific marker (glial fibrillary acidic protein GFAP). The reaction is
more pronounced during the day phase.
Astrocytes express cytokines and react to
them. They transfer signals from the immune system to the SCN (Peters (2005)). In
these astrocytes of mice- and rat cultures
Per1 and Per2 is expressed in a circadian
pattern, as shown by experiments of Prolo
et al. (2005) using Per2::luc knock-in mice7
7 Knock-in

mice are genetically modified by introducing a protein coded cDNA-sequence at a certain place of a chromosome. This allows to find
out the function of the regulatory machinery (for
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and Per1::luc transgenic rats. The bioluminescence of gene activity measured in real
time fluctuates in a genetically fixed period. The rhythm damps out after a few
days, but can be re-initiated by changing
the medium. Changing the medium before the complete damping out shifts the
rhythm in a phase-dependend way. The
rhythm can be synchronized by a daily
temperature cycle of 1.5°C difference. This
rhythm continues much longer, if the cells
are co-cultivated with explants of the adult
SCN. Cortical explants are, however, not
able to overcome the damping. According to Scemes and Giaume (2006) various
signals including a diffussible factor of the
SCN are able to sustain the circadian oscillation in the astrocytes of the SCN.
Among the various kinds of communication between glia cells and neurons the
synaptic interactions of the astrocytes play
a special role. Structural and physiological studies have shown peripheral astrocyte protrusions close to the synaptic cleft.
They contain the actin-binding ERM protein ezrin, which allows a rapid change of
the protrusions. Its significance shows up
in the SCN, where the form of the astrocytes alters depending on the activity of
the animals (Derouiche et al. (2002)), thus
reflecting the circadian time.
Various brain areas of the adult nervous
system are able to change their structure
according to the experiences they made.
This morphological plasticity concerns not
instance of promoters), which leads to the expression of the natural gene: The new phenotype of the organism is observed.
In contrast, in knock-out mice (shortened to
KO) the gene looses its function. Using this
method, a gene, which has been sequenced,
but the function of which is not or only partly
known, can be better understood by finding out
the differences between the knockout organisms
and the normal one.

7.3 Eye clocks
only predict the day-night cycle, but also
use it for measuring the daylength and
thus determine the season. Since the period length is not exactly 24 hours long, the
clock has to be corrected each day by environmental signals (light, temperature).
This synchronization by light is complicated by the fact, that the photoreceptors
themselves are in many cases under circadian control (their transcription, feedback
of the clock to inputs of the light, see Devlin (2002)).
To determine the season, the photoperiodic signals of the environment are transferred to the pineal organ in mammals,
where they are decoded as melatonin secretion. Studies in mice mutants suggest, that two different molecular oscillators note the onset or the end of the
light period and use it for measuring the
daylength and to inform the organism (Oster et al. (2002)).
In marine snails such as Bulla gouldiana,
which lives in warmer seas at the sandy
bottom, circadian clocks are in special cells
of the eyes, the basal neurons. They control the electrical activity of the neuronal
cells (Block et al. (1995), Page (2001)). Consequently at the eye nerve a rhythmic compound action potential can be measured
(Jacklet (1969)). The eyes (figure 7.9) can
be isolated and kept for longer times in a
suitable medium. In figure 7.10 the frequency and amplitude of the electrical impulses are plotted. According to Michel
et al. (1993) even isolated basal neurons
exhibit circadian rhythms for at least two
days.
The circadian rhythm of the eyes is synchronized
by light, but additionally by the
7.3 Eye clocks
brain. Serotonin serves as a neurotransCircadian clocks belong to one of the most mitter. Its interaction with light is complex
fascinating adaptations of creatures to the (Colwell (1990)).
Circadian clocks have possibly evolved
environment. The organisms can thus not
only neurons, but also glia cells (although
they are able to change their location).
This plasticity is observable under physiological conditions such as reproduction,
sensory stimulation and learning and affects mainly the distal appendages, which
surround the neurons. The changes occur
in a few minutes. The geometry and diffusion properties of the extracellular space
and the relations to the adjacent neuronal
elements, especially the synapses, are influenced by it. Since astrocytes react to
neuronal activities with ion channels, neurotransmitter receptors and transporters in
the appendages, informations concerning
the neuroactive substances are transmitted. In this way the interactions between
the astrocytes and the neurons become
highly dynamic. They modify the extracellular homeostasis of ions, the neurotransmission, glia-transmission and finally the
neuronal function on the cellular and systemic level (Theodosis et al. (2008)).
Melatonin influences the intercellular
communication between glia cells too (Peters et al. (2005)). The responses of the astrocytes towards melatonin differs in the
various brain regions, and this seems to be
based on different reactions of the melatonin receptors.
Astroglia seems to play a role also in depression (Theodosis et al. (2008)). There
is a connections between diabetes and
depression. In both cases the glucose
metabolism in the brain is changed. In the
brain only astroglia cells contain insulin
receptors.

77

7 Rhythms in mammalian cells

CAP per 30 min

100
80

frequency

60
40
20

CAP-amplitude

0
5
4

amplitude

3
2
1
0

0

2

4

6

8

10

time [h]

Figure 7.10: Circadian rhythm of CAP amplitude (top, blue curve) and frequency (bottom, red
curve) of isolated eyes in the dark. After Benson and Jacklet (1977)
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Figure 7.9: Eye of Bulla gouldiana. From
right to left: Lens, photoreceptor layer, basal
retinal neurons (BRN) at the basis of the eye
threedimensionally drawn, optic nerve with
nerve sheath, partly cur open. After Roberts
and Moore (1987)
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together with light-perceiving molecules
long before photoreceptor cells and eyes
specialized. Structural homologies between those molecules, which are the component parts of the clock-mechanism, and
phylogenetically old photopigments suggest, that modern clock proteins evolved
during the course of evolution from primitive light sensitive proteins (Crosthwaite
et al. (1997)). The function of opsines can
be altered, for instance, easily by exchanging single amino acids in such a way, that
they adapt to the light situation in the environment. A circadian feedback system
might have evolved from primitive photopigments, which were able to affect their
own transcription. Such events might
have occurred several times with different
photopigments as outputs and might have
been the cause for the various clock mechanisms, which are found among the differ-

7.3 Eye clocks
ent lines of organisms.
Eyes evolved at least 40 times independently of each other in the course of
the phylogeny (Land and Fernald (1992)).
Among the vertebrates already the lampreys (Petromycon marinus) possessed eye
clocks (Menaker et al. (1997)). Lampreys
separated from other vertebrates already
450 million years ago.
Circadian oscillators are also present in
the retina of mammals. They belong to
the first circadian oscillators in mammals
which were found outside the SCN (Tosini
et al. (2008)). Morphological, neurochemical, electrophysiological and optical studies suggest such clocks (Remè et al. (1991)).
These circadian clocks are not only present
in the internal grain- and ganglion layer
(Ruan et al. (2006)), but also in the photoreceptor layer (Tosini et al. (2007)). They, or
more likely a network of hierarchically organized circadian clocks in the retina controles there many of the physiological, cellular and molecular rhythms (Morin and
Allen (2006), Brainard and Hanifin (2005),
Doyle and Menaker (2007)). Several (at
least two) oscillator types seem to exist
in the retina: Melatonin on the one hand
and dopamin on the other hand are regulated in the photoreceptors and the internal retina in an antiphasic pattern (Green
and Besharse (2004)). Melatonin is very
likely synthesized in the cones. Similar to
the situation in the pineal organ the synthesis is strong during the night and weak
during the day. The retinal melatonin
seems to act only locally as a neurohormone and/or as a neuromodulator. The
melatonin synthesis occurs in a circadian
pattern and has been established in vivo
and in vitro. The rhythm is synchronized
by light and is temperature compensated
(Tosini and Fukuhara (2003)). Whereas in
other vertebrates extraretinal photorecep-

tors are involved besides the eyes for synchronizing the cells of the SCN to the lightdark cycle of the day, in mammals only
the retina of the eyes is used for this purpose (figure 7.11). Why other vertebrates
use besides the retina also other photoreceptors deep in the brain (pineal organ),
could play a special role in synchronization. They furthermore control direct reactions to light, the pupilary reaction and
photoperiodic events (Doyle and Menaker
(2007)).
As is well known, rods and cones are
responsible for seeing forms. But a special population of retinal ganglia cells
senses, whether light or darkness prevails in the environment (detectors of
lightness). These bipolar cells (Landolts
clubs) use melanopsin8 as a photopigment.
The cells are located in the outer nuclear
layer of the retina and extend between
the pigmented epithelium and the internal
and external segments of rods and cones
(Locket (1999), van Reeth et al. (1997), figure 7.12). They are distributed allover the
retina and project via a special pathway,
the retinohypotalamic tract (RHT)9 , to the
SCN (but not to the visual ceters of the
brain, references in Provencio et al. (1998),
figure 7.13). Glutamate serves as the neurotransmitter and synchronizes the pacemaker in the SCN (see figure 7.6). They are
connected with each other as adding or as
averaging processors (Foster et al. (1993)).
Besides synchronizing the rhythm to the
light-dark cycle, the ganglion cells control
also the pupilary reflex and modulate neu8 if

the melanopsin gene is knocked out, light is
not able anymore to synchronize the circadian
clocks, and the pupilary reflex is lacking (Brown
and Robinson (2004))
9 the neurotransmitter PACAP and glutamate
transfer the signals of the light-dark cycle via the
RHT to the SCN (Hannibal (2006))
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ciliar body
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iris

choroid
retina
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posterior
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Figure 7.11: Eye of a vertebrate (longitudinal section) with cornea, anterior eye chamber, iris,
lens, ciliary body, glass body, retina, choroid, sclera, fovea, blind spot and optic nerve. Eye axis
(red) and line of sight (blue) are drawn. Pigment cells. Drawn by the author after a figure in
Mörike and Mergenthaler (1959)
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pigment−
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inner
nuclear layer
inner boundary
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Figure 7.12: Part of the retina with inner boundary, ganglia cells with nerve fibers, inner nuclear layer with bipolar and other neural cells, support cells, outer nuclear layer with nuclei of
rods and cones, outer boundary, rods and cones, pigment epithelium and pigment cells. Glass
body and lens would be at the left, the light comes thus also from the left. Drawn by the author
according to a figure in Mörike and Mergenthaler (1959)
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brain
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Figure 7.13: Visual paths from the eyes to the brain in Syrian hamster. Left: brain from top.
Right: Cross section through brain in the hypothalamic area and the SCN. Light is perceived
via the retina of the eyes and the signals transferred via the primary optic tract, the accessory
optic system (not shown) and the retinohypothalamic tract (RHT) to the visual cortex in the
brain. The RHT ends in the suprachiasmatic nucleus (SCN). The SCN contains numerous
‘pacemaker’-cells for producing the circadian rhythm. After Moore-Ede et al. (1982)

7.4 Pineal organ and melatonin

productive system, bodyweight, fur color
(Hoffmann (1973), Figala et al. (1973)) and
body temperature are also photoperiodically controlled in the Djungarian hamster
(Steinlechner and Heldmaier (1989)). Thus
the pineal organ and its hormone melatonin transmits the photoperiodic signals
of the environment to the neuroendocrine
axis. These signals can be stimulating or
inhibiting (Hoffmann (1981)). Melatonin
feeds, however, also back to the SCN. Here
it inhibits the neural activity and shifts the
phase of the circadian rhythm (figure 7.15).

The SCN of mammals projects to the
pineal organ and synchronizes its melatonin production and -secretion with the
light-dark cycle of the day (low concentrations during the day, high ones during
the night). Reproduction of various mammals is controlled by the daylength (Baker
and Ranson (1932), Bissonette (1932)), and
melatonin serves as an indicator of the
length of the dark period. Besides the re-

Although removing the pineal organ of
mammals under continuous darkness conditions affects the circadian system only slightly,
recent studies have shown, that this organ
is still important. For instance, pinealectomy (PINX) in rats strengthens the rhythmdamping effect of continuous light. The reason might be, that these animals perceive the
light in such a way, as if it has a higher intensity (at which the damping effect in con-

roendocrine functions. As pigment they
use melanopsin (Nayak et al. (2007)).
Although mammals are functionally
blind at birth, because they do not yet react to the photoreceptors of the rods and
cones, they are able to recognize light via
retinal ganglion cells, because those are
functionally connected already with the
SCN (Sernagor (2005)).
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light pulse
SCN
phase shift
stimulus
second−messenger sys−
tems (cAMP, calcium)
c−fos
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mRNA
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effector−
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Figure 7.14: Top: Light pulses are perceived via the retina of the eyes and transferred as signals
to the SCN. There it shifts the phase of the circadian oscillators and as a result the locomotor activity rhythm (black horizontal rods for each day, red marking: Position of light pulse,
which advances the rhythm). Below: Signal transduction cascade for synchronizing hamsters
by light-dark-cycles. An external stimulus (a neurotransmitter or a hormone) activates a second
messenger system (cAMP, Ca2+ ). As a result cAMP response element binding proteins (CREB)
are phosphorylated. This is the prerequisite for activating immediate early genes (IEGs) such as
c-fos and junB. Transcription (→mRNA) and translation (→c-Fos, JunB) produce proteins of
the Fos or Jun family. They form heterodimers and combine with the AP-1 region of other gene
sections. Thereby their transcription is enhanced or inhibited. After Wollnik (1995)
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In contrast to mammals, in which the
cells of the pineal organ do not contain
selfsustained oscillators, but are driven by
the SCN, the pinealocytes of other vertebrates (birds, reptiles, amphibia, fishes)
are equipped with circadian clocks and
with photoreceptors. They can thus be
synchronized by the light-dark cycle without the retina (Kumar et al. (1993)). In
these vertebrates the brain is rather light
translucid. Photoreceptors in the brain can
thus perceive the light conditions in the
environment.
The pineal of non-mammal vertebrates
and their clocks, their function and light
10 a

melatonin agonist shifts according to van Reeth
et al. (1997) the circadian rhythm of mice (and
Syrian hamsters) phase dependent
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phase shift
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advance delay

trol animals would also be stronger). Or the
pineal organ is via its melatonin secretion involved in the coupling of components of the
circadian systems. This coupling can take
place on different levels, (1) between afferent
nerves of the retinohypothalamic tract and the
oscillator neurons of the suprachiasmatic nucleus (SCN), (2) between the SCN-oscillators,
(3) between the SCN and its various outputs
and/or (4) between the various circadian outputs. Warren and Cassone (1995) showed, that
PINX rats possess at four different light intensities always longer periods as compared
to the SHAM-operated rats. Furthermore, the
differences in the period lengths are larger
compared to PINX rats. That would be in favor of hypotheses (1). Not only the running
wheel rhythm is more damped under continuous light in PINX-animals, but also the rhythm
of general activity, of body temperature and of
heart rate, and all these rhythms are affected
in the same way. This speaks in favor of hypotheses (2). Hypothese (3) is wrong, since removing the eyes does not affect the binding of
2-iodin-melatonin in the SCN. 10

−5
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24
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Figure 7.15: Whether a melatonin pulse advances or delays the circadian rhythm in man
and how much it shifts, depends on the time
(x-axis, in circadian time), at which the pulse
is given. The rhythm is not much affected between CT 12 to 18, delayed between CT 20 to
03, and advanced between CT 06 and 12. After
Lewy et al. (1992)

7.4 Pineal organ and melatonin
sensitivity as well as the signals of the outputs are recapitulated by Falcon (1999).
Klein (2006) has discussed the relation between pinealocytes and retinal photoreceptors and proposes, how the pineal and
the melatonin rhythm have developed.
A central role plays the arylalkylamine
N-acetyltransferase (AANAT). The melatonin production is always higher during
the night. All vertebrates are able to use
these signals, but in different ways. Melatonin has namely not just one biological
effect: It facilitates sleep in some animals,
but not in all, it inhibits reproduction and
increases body weight, but not in all, it
stimulates locomotor activity, but not in
all. Melatonin is thus a time indicator,
which is used by different animal species
in various ways and in each case for their
best advantage.
The circadian control of melatonin production allows vertebrates to become independent of the light-dark cycle in the
environment, which is important for instance in rodents, because they spent the
day in their subterranean caves. Due to
the internal clock they are able to predict,
when the day begins or ends and whether
it is day or night. Physiological events
can thus be started at the right time. The
melatonin rhythm is synchronized by the
LD cycle, which reflects also the seasonal
changes of the daylength.
Common to the melatonin rhythm generating system of all animals is, that cyclic
AMP influences two strongly conserved
motives at the N- and C-end in the protein kinase A (Ganguly et al. (2005)).
This stabilizes AANAT and increases the
melatonin production. Light destabilizes
AANAT and it will be degraded.
There are furthermore class- and
species-specific differences in the pineal
(Ekström (2003), Collin and Oksche (1981),

Klein et al. (1998)). In non-mammalian
vertebrates including fishes and birds,
clock, photoreceptor and melatonin synthesis are localized in the pinealocytes
(Cassone (1991), Falcon et al. (2003),
Iuvone et al. (2005)), whereas in mammals
the clock is in the SCN (Moore-Ede et al.
(1982), Klein and Krieger (1979), Klein
(1985)). In birds light is effective via the
pinealocytes as well as via the retina and
a homologue of the SCN (Cassone (1991)).
Many properties are common to
pinealocytes and retinal photoreceptors.
The pineal of fishes and amphibia are
able to perceive light; this is true also for
pinealocyte-cultures of birds and fishes. In
the same way as the pineal the retina is
able to produce melatonin (Iuvone et al.
(2005)). Melatonin is said to facilitate
the light adaptation of the retina. There
are furthermore anatomical similarities
between pinealocytes and photoreceptors
(Klein (2004)). Genetic indications take the
same line. The development of pinealocytes and of retinal photoreceptors occurs
in a similar way. Both cell types stem
originally from a light-sensitive melatonin
synthesizing cell (figure 7.16).
They
pinealocyte

retinal photoreceptor

photoreceptor with melatonin−rhythm
AANAT HIOMT
ancient photoreceptor

Figure 7.16: Derivation of pinealocytes and
retinal photoreceptors from a common ancient
photoreceptor
separated during the course of evolution
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in two different cell types with different
functions (Klein (2006), Yoshikawa and
Oishi (1998)). In reptiles (Iguana) the
pineal is responsible for the circadian
control of body temperature, but scarcely
for the one of the locomotor activity.

7.5 Fibroblasts
Fibroblasts compose the intercellular substance of the connective tissues. They develop later to fibrocytes (spindle cells, connective tissue cells). These cells can be
reared from punched pieces of the skin
(2mm diameter). In various tissues of
mice the luc gene was fused with a circadian promoter by using a reporter-virus
(Brown et al. (2005), Welsh et al. (2004),
Yamazaki et al. (1998)), which allowed
to utilize the emitted light as a hand of
the circadian clock. Individual fibroblasts
were recorded for one to two weeks and a
robust, undamped circadian rhythm was
found. The individual cells showed varying period lengths. Therefore the different cells run out of step after a few days,
even if synchronized with each other by a
change of the medium. The cells are thus
not coupled with each other in the culture
(Welsh et al. (2004)).
The synchronization in mammals is affected by diffussible signals of the SCN
(Allen et al. (2001))11 . Co-cultivated fibroblasts are synchronized via diffussible
signals of the SCN, but with a phase angle of 12 hours in respect to the rhythm
of the SCN. The gene expression of clockgenes can also be synchronized with a
serum-shock, whereby the maximum of
the mRNA of Per1 and Per2 is four hours
earlier as that of Cry1 and Cry2. The activ11 only

SCN2.2-cells showed a circadian rhythm of
2-deoxyglucose-uptake and of Per-expression
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ity of the metabolism is not synchronized
by this treatment. Instead, SCN-specific
outputs are needed, which are not the direct products of clock-genes (Allen et al.
(2001)).
The intraindividual period length in the
tissue fluctuates less than the interindividual one (between 23 and 26 hours).
Brown et al. (2005) studied fibroblasts
of 19 donors, the mean period length
of whom amounted to 24.5 hours (±45
minutes standard deviation). The period corresponded by and large to the
one, which was observed in physiological studies under timecue-free conditions,
but the fluctuations were larger12 . The
standard deviation of the periods of samples of different persons was 48 minutes.
There are thus significant differences in
the fibroblast clocks even in small populations. Biopsies of clock mutants in mice
showed periods, which corresponded to
the one, which were obtained from behavioral studies or, in the case of arrhythmic
mutants, which showed no rhythms. In
most cases the periods of the fibroblasts
were more variable as compared to the one
determined from behavioral studies.
Nomura et al. (2008) found in fibroblasts of endogenous depressive patients a
shortened period length. The SCN had
also a short period, as shown by recording
SCN controlled events. Antidepressives
such as SSRI (selective serotonin re-uptake
inhibitor), sertralin, fluoxetin, fluroxamin,
citalopram and paraxetin shorten the period. Sertralin reduces the amplitude and
lowers the damping rate of the fibroblasts
12 Different

measurements of the same sample gave
standard deviations of 18 minutes, of samples,
which were obtained from another virus infection, 25 minutes and the average value of various biopsies of the same person showed a standard deviation of 6 minutes

7.6 Intracardial clock, cardiomyocytes, monocytes
There are fluctuations in the oxidative
in a dose-dependend way.
Further literature: Nagoshi et al. (2004), and non-oxidative glucose- and fatty acid
metabolism in the heart of the rat. An inYagita (2004), Yagita et al. (2001).
creased energy demand during the wake
phase is foreseen by the heart and it can
7.6 Intracardial clock, car- react to it correspondingly.
Circadian clocks were found in vascudiomyocytes, monocytes
lar smooth muscle cells of the heart as well
Heart and circulation are exposed dur- as in cardiomyocytes. Cardiomyocytes of
ing the course of a day to a large num- adult rats, which were cultivated without
ber of external stimuli, all of which in- serum, exhibited strongly damped oscilfluence myocardial contraction (Bray and lations in bmal1 and dbp (Durgan et al.
Young (2008)).
The strongest influ- (2005)). Glucose, which reactivates circaences are by the sleep-wake-cycle and the dian clock genes in fibroblasts, does not
F/NF(food/non-food)-cycle. Wake peri- affect cardiomyocytes, be it with or withods are connected with increased physical out serum. A two hour treatment with
activity, higher heart rate and heart perfor- the neurotransmitter norephinephrine (10
mance and under rich food supply with µM), however, induces the rhythmic exhigher food uptake. Without food supply pression of the circadian clock indepenthe sleep phase can be prolonged by sev- dent of serum.
Circadian oscillations
eral days or even weeks. In this case differ- are also found in the metabolism-genes
ent strategies are also chosen for the heart. pyruvate-dehydrogenase kinase 4 (pdk4)
The myocardial metabolism fluctuates and the decoupling protein 3 (ucp3). The
in a daily rhythm. It is a complex in- circadian clock does thus run also in myterplay of extracellular (neurohumoral) ocytes of the heart under standardized cell
and intracellular factors (circadian clock). culture conditions and is able to control
An intramyocardial circadian clock con- the myocardial metabolism.
According to Fahrenbach et al. (2007)
trols the metabolism directly (for instance
triglyceride- and glycogen-metabolism) as the ratio between fibroblasts and carwell as indirectly (modulation of the reac- diomyocytes changes in the sinus node
tion of the myocardium to loads, insulin, of the heart as a function of age. This
fatty acids). In this way environmental is possibly the cause of sinus node disstimuli (changes in load, nutrial condi- eases. The non-excitable fibroblasts intion) can be recognized early enough. This fluence the excitability of pacemaker cells
synchronization between the myocardium twofold: By coupling they depolarize the
and the environment is supported by reg- cardiomyocytes and by pure physical sepular food uptake. If the heart does not aration bradycardia is brought about, beadjust its metabolism adequately, dysfunc- cause the electrical excitation is reduced.
Circadian fluctuations in the cardiovastions of the contractions might occur. As a
result of disturbances in the circadian sys- cular system of the rat have been demontem diseases caused by high blood pres- strated by Davidson et al. (2005) by obsure, diabetes, shift work, apnoe and obe- serving in vitro the activity of genetically
sity might occur (see Young (2006), Dur- inserted luciferase via the mPer1-genegan and Young (2008) and chapter 8). promoter in heart tissue cultures and in
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a large number of veins. The tissue exhibits 3 to 12 circadian cycles of gene expression, before the rhythm damps out.
Whereas the maxima of bioluminescence
of the heart- and all artery cultures occur
during the late night, the phases of the
rhythms in the veins vary depending on
their anatomical position.
Monocytes (see figure 7.17) are cells of

(2007) studied likewise in peripheral blood
mononuclear cells during a typical sleepwake cycle in LD and during constant routine. Of six men and women the body temperature and the plasma melatonin was
determined during a five day isolation
without time cues; they served as hands
of the central circadian pacemaker. The
expression of the clock genes PER1, PER2
and BMAL1 was determined during a 72 h
interval. PER1 and PER2 expression fluctuated in a circadian fashion with maxima during the early wake time, and this
was identical under light-dark- and constant conditions. The BMAL1 expression
varied more pronounced with a maximum
during the middle of the wake time.

7.7 Kidney cells
A separate circadian oscillator has been
Figure 7.17: A monocyte among numerous found in the kidney (Ikonomov et al.
erythrocytes: Cell of the immune system and (1998)). The authors studied, how the
precursor of macrophages
differences in day- and night-active animals comes about and which mechanisms
the immune system and precursors of the are responsible for phase and amplitude
macrophages as well as a part of the den- of the circadian rhythms. They comdritic cells. They destroy foreign struc- pared the peripheral rhythms of diurnal
tures in the body by phagocytosis and ac- and nocturnal mammals, both activitytivate the immune defense. After one to independent and activity-dependend. The
three days they leave the blood and enter maxima (acrophases) of the first group octhe tissues where they continue to live as curred in all mammals at about the same
macrophages for several weeks to months. time and serve as internal time cues. The
They belong with a diameter of 5–20 µm to regulation of the activity-related circadian
the largest of the white blood cells (leuko- rhythms of behavior, of blood pressure
cytes), contain a large nucleus and a small and of kidney excretion follow, however,
amount of cytoplasm.
an other mechanism. It was proposed, that
Brown et al. (2005) infected 50 000 a passive hypothalamic oscillator coordimonocytes from the peripheral blood of nates the phase position of the circadian
two persons with luciferase in the same behavioral rhythms and is responsible for
way as was done with fibroblasts and de- the high amplitude of these rhythms. A
termined the rhythm by imaging analy- separate rostral hypothalamic network is
sis. Figure 7.18 shows a record. James involved in the regulation of the low-
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Figure 7.18: Circadian rhythm of monocytes (with artificial bioluminescence) of two persons
amplitude circadian rhythm of the blood
pressure. Finally a circadian oscillator in
the kidney causes the circadian rhythm of
the electrolyte excretion. The authors propose a model, according to which activity is determined by the phase relationship
between the circadian and the passive hypothalamic oscillator. Specific brain structures or peripheral circadian oscillators integrate circadian and other signals for the
various activity-related circadian rhythms.
The same hypothalamic areas modulate
furthermore selectively circadian rhythms
as reactions to homeostatic stimulation or
stress, without involving the circadian oscillator.
Renal rhythms were studied also by
Bray (1965).

7.8 Fat cells
Fat tissue is a fluffy connective tissue13 ,
which consists of fat cells (and other cells)
(see upper part of figure 7.19). It consists
13 its

formation is induced by the adipose gene

of lipoblasts, in which energy is stored in
the form of fat. It furthermore buffers and
isolates the body. 20% of the body weight
of a man and 25% of a woman are made
up of fat. There are two types of fat tissue,
white and brown (see lower part of figure 7.19). The latter occurs in babies (baby
speck) and in hibernators for heat production. In white fat tissue fat is converted
into fatty acids on demand. Insulin of the
islets of Langerhans is docking on insulin
receptors of the fat tissue and activates
via a phosphorylation cascade the lipase.
The fatty acids arrive in the blood, where
they are first bound to albumin and glycerin and later delivered as free fatty acids
serving as fuel for muscles (for instance in
the heart muscle tissue) (see figure 7.20).
Fat tissue is, however, also an important
endocrine organ and produces adipocytokines14 . They are signal proteins (cytokines15 ) acting between cells (hormones)
14 Greek

adipo-, fat; cyto-, cell and -kinos, movement
15 sugar containing proteins, which regulate growth
and differentiation of body cells. This group

89

7 Rhythms in mammalian cells

B−cell

capillary

fat cell
insulin
receptor
triglycerides
in drops

insulin

degraded by
hormone−
sensitive
lipase

glycerol
fatty acids
albumin
transport
in blood
glucose
chylomikrons

glycerole−ph
free fatty acids

degraded by
lipoprotein−
lipase into
free fatty acids
(in capillary)

VLDL
particle
free fatty acids

muscle−
fuel

Figure 7.20: Fat cells of the fat tissue deliver after docking of insulin on receptors triglycerides,
which are degraded by lipase to fatty acids and transported in the blood to the locations where
they meet the demand. Details in the text

Cytokine:

Fettzelle

Leptin (hemmt Hungergefühl; Menstruation!)
Adiponectin (hemmt Hungergefühl, +Insulin)
Resistin (hoch bei Übergewicht, an T2DM beteiligt?)
Visfatin (Darm; wie Insulin, wirkt aber konstant)
Östrogen
Gewebe−
Faktoren
andere

Figure 7.21: Fat tissue as an important endocrine organ: fat cells produce adipocytokines, which
serve as signals between cells. More details in the text
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Figure 7.19: Top fat cells (osmiated) close
to blood vessel.
Bottom left white, bottom right brown fat cell.
The former
contains only one large, the latter several
smaller lipid vacuoles and numerous mitochondria. The top image was supplied by
Dr. Klaus Reutter. Lower figures after a
drawing of Dr. John Horwitz, U.C. Davis at
http://sportsci.org/encyc/adipose/adipose.html

such as leptin, resistin, adipsin, visfatin
and TNFα (see figure 7.21). White fat tissue contains receptors for insulin, growth
hormone, norepinephrine and glucocorticoides.
Leptin (Greek: leptos = thin) was discovered in 1994 by Friedman. It is a
peptide hormone and is expressed by the
„obese“-gene in fat tissue. Mice lacking
the leptin gene ob were extremely fat. The
obesity of these mice could be reversed
by administering leptin. A leptin receptor was found in 1995 and belongs to the
cytokine receptor family. Leptin receptors
(OB-R) are found in the brain, especially
in afferent satiety centers of the hypothalamus, and in peripheral organs (fat tissue, skeletal muscles, beta-cells of the pancreas, liver). It plays a role in the regulation of energy expenditure. In humans it
exhibits a pronounced circadian secretion
pattern with maxima around midnight.
It interacts with insulin and cholecystokinine. Besides its physiological effect it
can have pathological outcomes such as
for instance arteriosclerosis based on overweight, oxidative stress and cancer (Anubhuti and Arora (2008)).
Leptin is released by fat cells into the
blood proportional to the fat content of
the fat tissue of the body. It reaches the
brain via the blood-brain barrier, where it
of peptides induces or regulates the proliferation and differentiation of target cells. Some
cytokines are therefore denoted as growth factors, others play an important role in immunologic reactions and could than be denoted as
mediators. Essentially five main groups of
cytokines are distinguished: Interferons, interleukins, colony stimulating factors, tumor
necroses factors and chemokines. In the field
of cell biology the significance of cytokines becomes more and more important. Several cytokines are nowadays already produced commercially as recombinant proteins.
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reduces the appetite in the appetite control center of the brain16 by affecting certain neurons. It furthermore stimulates the
sympathetic nervous system, increases the
blood pressure, the heart frequency and
the heat production (by decoupling cell
respiration from ATP-synthesis), lowers
body temperature and increases the oxygen consumption. All this releases more
energy and decreases finally the fat content of the body. Thus leptin serves as
an adipostate (Chehab (2008)). If the fat
depots of the body shrink, less leptin circulates in the body and the appetite increases. Leptin is thus a hormone, which
feeds back negatively from the fat tissue to
the brain.
Leptin is important for the control of
overweight. Obesity in man and animals
does not rest on too high bodyweight, but
on too much fat, especially in the fat tissue.
Fat tissue can extremely hypertrophe (obesity), but also grossly atrophe (lipodystrophy). The reason are the fat cells, which
can store huge amounts of triglycerides,
but shrink also to tiny cells under lipid
shortcoming. However, leptin does not
work in 70% of the cases of heavy overweight, because the blood-brain barrier
transporter does not function any more.
It is tuned, to work already at low leptin values in the blood serum and to tell
the brain, that enough fat reserves abound,
to spend energy not only for searching
food, but also for other functions such
as reproduction, immune system and so
on17 . Low leptin values under hunger

interrupts the negative feedback. Simultaneously triglycerides are released from
the fat tissue. They inhibit the transport
of leptin through the blood-brain barrier,
hunger sensation in the brain emerges and
at the same time the periphery becomes
leptin-resistant. Triglycerides are therefore
increased under hunger as well as under
overweight (Banks (2008)). In 30% of the
obese persons only small amounts of leptin circulates in the blood, and a treatment
with leptin would make sense. This is true
also for humans with a defect leptin gene,
which are constantly hungry.
Leptin is synthesized not only in the fat
tissue, but also in the stomach, in the liver,
in the ovary and in the placenta. Expensive physiological functions such as reproduction are only possible, if enough leptin
is available18 (Hileman et al. (2000)).
As mentioned already, the hormone leptin and its subordinate signals play an important role in the regulation of the energy balance. Leptin suppresses food uptake and promotes energy-intensive neuroendocrine processes such as reproduction. During these events the steroid hormone estrogen plays an essential role and
contributes -like leptin- to the regulation
of the energy balance. Estrogen deficit intensifies food uptake and increases body
weight, thus reinforcing the effect of leptin. For the interplay of estrogen, leptin
and energy-homeostasis see Gao and Horvath (2008). Bodyweight, energy budget
and the hormonal control play a role in reproduction (Augustine et al. (2008), Blüher
and Mantzoros (2007)Blüher and Mant16 arcuate, ventromedial and dorsomedial nucleus
zoros (2007), Casanueva and Dieguez
in the hypothalamus
(1999)). Hill et al. (2008) portrays, how
17 the same is found in respect to salt. The human
the reproductive axis reacts to the energybody is not adjusted to the high values which
can nowadays so easily be reached. Our ancestors had only small amounts of salt at their disposal and the body tries therefore to regain as
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much as possible from the kidney
initiates menstruation

18 leptin

7.8 Fat cells
and metabolic situation of the body and
which brain areas are involved. Leptin
and insulin operate via classical metabolic
pathways in the arcuate nucleus, using
NPY/AgRP- and POMC/CART neurons,
and the recently found Kisspeptin network. Other hypothalamic nuclei play
also a role in this puzzle of metabolic situation and reproductive function.
In this connection it is also interesting,
that in the last 30 years puberty of girls
began earlier and earlier. The increase in
bodyweight of these children, which occurred at the same time, seems to be a
main factor. The data suggest, that the increase in weight is the cause for the earlier puberty and not vice verse. Leptin
seems to play the decisive role. Mice and
women with leptin deficiency do not enter puberty, unless leptin is provided. Already low amounts of leptin stimulate the
gonadotropin secretion at the level of the
hypothalamus as well as the level of the pituitary. Leptin is here the prerequisite and
not the critical metabolic signal for initiating puberty. This assures, that pregnancy
and milk production begin only, if enough
fat storage is present, which nourishes
mother and the growing child (Kaplowitz
(2008), Mircea et al. (2007)). The hormonal adaptation in the hypothalamus of
the mother during pregnancy makes sure,
that in spite of an increasing leptin level
food is taken up, which is stored as fat and
meets the high metabolic demand during
pregnancy and milk production (Augustine et al. (2008)). Antagonist of leptin is
ghrelin, which inhibits gonadotropin secretion. It prevents the onset of puberty
and inhibits directly gonadal development
(Tena-Sempere (2008b)). The secretion of
the luteinizing hormone is also arrested
(Tena-Sempere (2008a)).
Leptin is needed for the ovarial cycle

and interferes at the level of the hypothalamus, the pituitary and the gonads. It
is present in the mother milk and required for the neuroendocrine control of
secretion of the growth hormone. Leptin informs the hypothalamus and other
neuroendocrine loci about the condition
of the fat depots, allowing the neuroendocrine system to adjust to the situation
of the energy homeostasis (Casanueva and
Dieguez (1999)).
Obestatin is a peptide, which in contrast to ghrelin represses appetite (Germain et al. (2008)). It exhibits a circadian
rhythm and its concentration is increased
in anorexia.
Adiponectin is a peptide hormone,
which is produced in the fat cells of humans and animals. It regulates together
with leptin, insulin and other hormones
hunger sensation and food uptake. It amplifies the effect of insulin on fat cells.
If the fat cells contain much fat, small
amounts of adiponectin is produced; with
little fat the production is increased. Overweight people possess a low adiponectin
level. Therefore the insulin concentration
is reduced. Together with genetic factors
a low adiponectin level increases the danger to catch diabetes, which damages the
vessels. A high adiponectin level shields
people from diabetes. Adiponectin speeds
up the degradation of fat, as shown in experiments with animals.
Resistin is a cysteine-rich protein,
which is released in mice and rats by the
fat tissue19 . It could be involved in the
development of diabetes mellitus type 2
(T2DM). The resistin content in the blood
serum is increased in overweight mice
(Lee et al. (2003)). It could represent a
19 in

primates, pigs and dogs by immune cells and
epithelium cells

93

7 Rhythms in mammalian cells
connection between metabolic signals,
inflammations and arteriosclerosis.
Visfatin is another adipocytokin, which
is released by fat cells of the intestine. It
reduces in the same way as insulin the
sugar content in the blood by stimulating the glucose uptake of muscles and fat
cells. Compared with insulin its concentration is lower and -independant of the
food uptake- constant. It affects insulin receptors without competing with insulin.
Fat cells are thus not just fat stores, but
dynamic cells, which are responsible for
the energy-homeostasis, but also for other
tasks (such as the cytokines). The circadian clock allows the fat tissue and other
tissues to foresee the changes in glucose-,
fatty acid- and triglyceride levels and also
the alterations in hormone concentrations
(insulin, adrenalin) of the body and to prepare the body for the expected stimuli,
permitting fast reactions.
Since mammals possess in almost all tissues autonomous circadian clocks, it was
looked for them also in fat tissue (Otway et al. (2008)). 24 hour-rhythms were
found in 20% of the fat tissue transcriptoms. But because this tissue is composed
of various cell types, cultures of 3T3-L1
adipocytes were studied. Before the measurements they were treated with a serumpulse, in order to synchronize the expected circadian clocks. Clock-genes were
indeed found, the expression of which
is circadian. Studies shall now show,
whether synthesis and secretion of other
adipokines are under circadian control.

7.9 Liver cells
Liver cells (see figure 7.22) are specialized, to remove toxic substances from the
blood and to store nutrients and other
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substances, which are at the moment not
needed by the body. Carbohydrates are,
for instance, stored as glycogen. Liver
cells play also a role in the fat- and protein
metabolism.

Figure 7.22: Liver cells in a liver lobe of a
human. Bright channels are arterial blood
capillaries. Image of a preparation of Dr.
Klaus Reutter
Numerous proteins20 in the soluble
fraction of the liver are rhythmically
expressed, as shown by differential gelelectrophoresis (Akhtar et al. (2002),
Reddy et al. (2006)).
Micro-arrayanalysis yielded, however, only 5 to
10% rhythmic expression of all genes.
That indicates, that besides transcriptional
mechanisms also post-transcriptional
and post-translational mechanisms of
gene expression are responsible for the
circadian rhythm.
Therefore not in
all protein rhythms the corresponding
mRNA-rhythms are observable (Albrecht
(2006)). More than 50% of the proteins
found were already known, among them
a few isoforms. 80% of the proteins were
produced during the day (that is, during
the resting stage of the mice). At this time
20 of 642 protein spots 60 exhibit a highly significant

and 135 a significant rhythm

7.10 Keratocytes
the liver detoxifies and regenerates (Turek
and Allada (2002)).
Further transcriptome and proteome
studies will help to understand the complex and dynamic processes in the liver
(Reddy et al. (2006)). Each tissue seems
to possess its own set of oscillating genes.
In the whole organism it might well be,
that each gene is expressed in a circadian
way, some in the liver, others in the kidney, again others in the heart. That makes
sense, because it allows an optimal function of the corresponding organs for the
various tasks and demands of the organism. That is the reason, why it is important to study physiological processes in
humans and animal under the aspect of
circadian oscillations. This systemic biology will show, how complex systems such
as metabolism and brain interact with the
circadian system and the environment. It
will also lead to an integrated view of the
therapy of diseases, which are caused by
systemic malfunctions and not by special
molecular alterations in a certain process
(see chapter 8).
The circadian clock controls also the
expression of certain genes in the liver,
which are important for cell division (Matsuo et al. (2003), Reddy et al. (2005)).
The clock-genes in den liver cells are
controlled by the circadian clocks in the
SCN, but the paths and kind of signals
to the liver were unknown. With the
help of pseudorabies-virus, a transsynaptic marker of nerve tracts, the neural connections between SCN and peripheric tissue could be followed in some physiological systems. Sympathetic and parasympathetic neurons of the autonomous nervous
system are involved. Shibata (2004) describes anatomical and physiological experiments concerning the sympathic control of circadian clocks in the liver.

7.10 Keratocytes
According to Brown et al. (2005) in rare
cases hair root Keratocytes can be cultivated, which happened to stick to the
end of a plucked human hair (figure 7.10).
These cells can be cultivated and proliferated like fibroblast. They were made to
emit light in a circadian way which was
measured. The period lengths are identical with those of fibroblasts of the same
person (figure 7.23). Since it is a rare occasion, that the cells stick to the plucked hair,
the studies have not been continued.
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Figure 7.23: Keratocyte and circadian rhythm of bioluminescence (curve) evoked by a luciferasegene, attached to a promoter, which was under circadian control. After Brown et al. (2005)

96

7.10 Keratocytes

Top: Skin section with several sectioned hair shafts and hair cells. Bottom left: Epidermis cones
grow as hair anlagen inclined in the leather skin. The lower end extends onion-like and is
invaded by connective tissue from below (see bottom right image). Keratocyte (hair cell, black,
bottom left) in hair bulb with hair (black). At the right the muscle appendage (brown) and above
a sebaceous gland (blue). The histological images were kindly supplied by Dr. Klaus Reutter.
Sketch after Brown et al. (2005)
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8 Diseases due to circadian disturbances
It turned out, that a number of diseases
are brought about by disturbances in the
circadian system. Klerman (2005) gives
an overview on clinical diseases, which
are caused or influenced by diurnal or circadian rhythms. He discusses also side
effects of a disturbed circadian rhythm
such as shiftwork and its consequences for
the health system. It is, however, difficult, to perform the required experiments,
since the 24-hour fluctuations in pathophysiology or in symptoms of many diseases are causally connected with endogenous circadian rhythms or other diurnal
factors, which change during the day like
body position, activity, sleep- or wake and
metabolism connected with food uptake.
As long as the physiological basis is not
known in detail, an adequate treatment is
not possible.
At the cellular level the circadian clock
controls among others cell division and
allows it to occur in a certain time window only (Nagoshi et al. (2004)). Mutations in the mechanism of regulation of
the cell cycle or in cell division itself can
lead to cancer (Fu et al. (2002), Lowrey and
Takahashi (2004), section 8.2). Mammals
with homozygous Clk show deviations
in the freerun and metabolic syndromes
such as obesity, hyperlipidemia, hyperglycemia, hypoinsulinemia (Turek et al.
(2005), section 8.3). A mutation in the
per2-gene of mice changes the phase relationship (Spanagel et al. (2005a)) and
leads to a higher alcohol consumption. In
humans with clk-mutations alcoholism is
more frequently found (section 8.4). In

clk-mutations sleep is influenced, likewise
in BMal1-mutations (Laposky et al. (2008),
section 8.6).
Circadian rhythms and diseases interact not only on the cellular level, but
also on another one: Certain diseases
and partly fatal events occur more frequently at certain times of the day, for
instance those of the heart-blood circulation (section 8.5) and of respiration in
the morning hours. This is the case for
high blood pressure, heart infarct (heart attacks), Angina pectoris, stroke, arrhythmia,
sudden heart death, congestive heart failure (White (2007)). Heart artery plaques
burst most frequently between 6 and 12
o’clock. apnoe, endocrine, rheumatic and
nocturnal hyperglycemia as well as epileptic fits have their special times. On the
other hand, therapy is often more effective
at certain phases of the daily rhythm, for
instance in administering medications.
At a third level behavior can be in
conflict with the circadian system, for
instance in night-, shift- and rotational
work. In shiftworkers exposed to irregular light-dark changes, the sleep-wakerhythm and the feeding-rhythm is disturbed.
This leads often to cardiovascular diseases, obesity, diabetes and
other metabolic diseases. The plasmalipid
metabolism changes, oxidative stress increases. Increase in weight by shorter
sleep and shift work are well documented,
although the mechanism is not yet understood.
Since in this field many papers have
been published, I restrict myself in the fol-
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lowing to a few examples, some of which
have been mentioned already in chapter 7.

8.2 Cell divisions and cancer

8.1 Eyes, SCN, blind people

The circadian clock allows cell division
to occur in a certain time window only
(Nagoshi et al. (2004)). Mutations in the
mechanism of this regulation of the cell
cycle including the cell division can cause
cancer (Fu et al. (2002), Lowrey and Takahashi (2004)). For instance, polymorphism
of the Per3-gene causes an early breast
cancer (Zhu et al. (2005)). Likewise, abnormalities in the per1- per2- and per3-gene
lead to tumores (Chen et al. (2005) and figure 8.2).

Abnormalities in organs can disturb the
circadian system, and vice verse a disturbed circadian system can influence the
function of organs (see figure 8.1). For
instance, damages in the SCN do not allow to synchronize the peripheral tissue
(Lowrey and Takahashi (2004), Czeisler
et al. (1989)). If the inputs from the
retina to the SCN are lacking, as for instance in some blind persons, the synchronization of the sleep-wake- and the
activity rhythm, the body temperaturerhythm and the peripheral oscillators are
disturbed. This is, however, not in each
blind person the case, since two different
photoreceptor systems exist in the retina,
one for the normal and the other for the
circadian vision (Czeisler et al. (1995)). If
the latter is still working, the SCN and the
peripheral oscillators controlled by it are
still synchronized by the light-dark cycle
of the day.
Disturbed outputs of the SCN can also
lead to diseases or indispositions. For instance, normally the concentration of the
antidiuretic hormone ADH is high during the night. In elder people the rhythm
is, however, damped. Therefore more
urine is produced during the night and
the sleep is disturbed by nocturnal urination. Sleep disturbances are caused also by
an abnormal phase position of the SCNrhythm or by a disturbed synchronization. Thus, a mutation of the CKI-bindingdomain of the Per2-gene leads to the non24-h-sleep syndrome, in which the sleepwake-rhythm is not synchronized anymore (Hashimoto et al. (1998)).
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One has to be carefull, however, in interpreting it: Gauger and Sancar (2005)
reported, that a disturbance of the circadian clock increases the risk of women
to obtain breast cancer and potentiates in
mice the tumor rate and mortality rate
(induced by ionizing radiation). Cryptochrome 1- and Cryptochrome 2-proteins
are clock-components of the circadian
clock of mammals. Mice with mutations in
both cryptochrome-genes are arrhythmic.
To test, whether the hypothesis of Gauger
and Sancar (2005) of an increased tumorand mortality rate due to a disturbed circadian clock is correct, Cry1/Cry2 mice
and the fibroblasts obtained from them
were checked for radiation-induced cancer, DNA-damages and mortality rate.
The Cry1/Cry2-mice did, however, not
differ from the wildtype controls. And
the fibroblasts of the Cry1/Cry2-mutants
had the same susceptibility for ionizing
and UV radiation as the wildtype controls.
DNA-repair and DNA damages after irradiation are thus in arrhythmic animals not
different from the one in the rhythmic control animals.

8.2 Cell divisions and cancer
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8.3 Nutrition, obesity and diabetes
Overweight has become recently in many
societies an epidemic. Its cause is eating
too much (hyperphagia) and spending too
little energy. As a result too much fat accumulates in the body. Fat is a risk factor for diabetes, cancer, cardiovascular and
other diseases. In the USA more than half
of the population are overweighted and
its number is increasing. The fat content
of the body depends on the ethnic background, on the gender, the developmental stage and on age. Already in the fetus at the paracrine/autocrine level the
development of fat tissue is determined
(Kiess et al. (2008)). Nutritional and hormonal conditions during pregnancy and
early childhood may irreversibly influence
the development of organs, which are involved in food uptake and -processing,
and the hypothalamic structures, which
are responsible for the behavior of food
uptake and control of the energy balance.
During this early programing leptin seems
to play a critical role (Djiane and Attig
(2008)).
Appetite-regulating hormones of the
energy balance of fat cells are also
involved in constitutional meagerness
and anorexia (Anorexia nervosa) (Loucks
(2007)). Whereas ghrelin (an orexigenic
hormone, see Sakurai (2006)) leads to normal eating behavior in constitutional meagerness, an increased ghrelin-level is without effect. Ghrelin regulates the secretion of the growth hormone and the homeostasis of the energy balance. Circulating
ghrelin fluctuates in an ultradian pattern.
Fat cells can release certain hormones such
as leptin in orderly patterns, but others
such as adiponectin in unorderly patterns.
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Ghrelin in the plasma increases in slim
people during the night, whereas it does
not show a rhythm in overweight persons
(Yildiz et al. (2004)).
Another disease caused by overweight
is hypoventilation. The mortality rate is
high. Leptin shortage or leptin resistance
in obese people affects the central respiratory actuator, reduces breathing and leads
to hypoxia (Piper and Grunstein (2007)).
Leptin is active also in the periphery.
It can modify the insulin sensitivity, the
metabolism in tissues, stress reactions and
reproductive functions. In addition to
a central "leptin-resistance" in obese persons there exists also a peripheral leptinresistance (Harris (2000)).
Overweight seems to cause asthma,
atopic and autoimmune diseases by reducing the immunological tolerance against
antigenes. Pregnant women seem to convey this intolerance to the fetus (Hersoug
and Linneberg (2007)).
Connections between circadian and
metabolic systems and their significance
for cardiovascular diseases, obesity and
diabetes are pointed out by Green et al.
(2008).
The circadian clock controls food utilization and the homeostasis of energy by
controlling the expression and/or activity
of enzymes, which take part in cholesterol, amino acid-, fat-, glycogen- and glucosemetabolism (see figure 8.3).
Additionally numerous hormones of the
metabolism such as insulin, glucagon,
adiponectin, corticosteron, leptin and
ghrelin are released in a circadian pattern.
Disturbances of the circadian rhythm can
lead to cancer, metabolic syndromes and
obesity (figure 8.4). On the other hand
metabolism and food uptake feed back
on the circadian clock. Caloric restrictions synchronize the clocks in the SCN,

8.3 Nutrition, obesity and diabetes
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whereas food restriction to certain times
synchronize peripheral oscillators. Furthermore the redox state of cells, which is
determined by the food metabolism, and
certain compounds such as glucose, alcohol, adenosine, coffeine, thiamine and retinic acid are able to phase shift circadian
rhythms (Froy (2007)).
Peripheric oscillators can be influenced
via the SCN and by an altered feeding pattern. In the latter case the right communication between SCN, environment and
peripheral target organs/tissues is lacking; they are, however, decisive for the
regulation of the body weight. Possible
time cues for peripheral clocks are glucocorticoides, retinoine acid and melatonin,
which control and mediate the feeding
behavior. Satiety factors (leptin, ghrelin) play a role, the rhythm of which occurs independent of food uptake (Anubhuti and Arora (2008), Yildiz et al. (2004)).
For the pathogenesis of obesity see Bray
and Young (2007), Scott and Grant (2006),
Turek et al. (2005). Lipogenesis, storage
and lipolysis in the fat tissue are rhythmic (Ando et al. (2005), Alonso-Vale et al.
(2008)). The energy metabolism of the
whole body and that of specific organs differs. If the SCN is removed in an animal, the leptin-rhythm disappears and the
sleep-rhythm changes.
Overweight develops only, if more energy is taken up as is spent. The food composition affects the energy balance. Fat
plays thereby a special role, since it is
badly regulated at the level of consumption as well as at the level of combustion.
Psychological and behavioral profiles of
the obese are important, because they influence food selection and eating patterns.
It is still unclear, whether the number of
meals plays a role for overweight. Eating disorders are involved in obesity, but
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it is uncertain, whether they are the cause
or the result. Diet might lead to excessive eating. At an early stage of fat depositions the existing fat cells are enlarged
(hypertrophy) and in a later stage new fat
cells develop (hyperplasy). Hereby specific components of the diet such as polyunsaturated fatty acids or proteins may
play a role. The critical age for a later
overweight is lower in children, which eat
much protein, and begins possibly already
in early childhood or even in the fetus
(Ziegler et al. (2000)).
Fat rich nutrition in rodents leads to
metabolic diseases, which resemble the
metabolic syndromes of human overweight and insulin resistance. Thereby the
time structure of many physiological functions changes. To find out, whether fatrich food (hypercaloric diet) affects also
the clock in the SCN, the synchronization
of mice by was studied for three months
under conditions of diets rich or poor in
fat. As a hand of the clock the running
wheel activity and the body temperature
was measured. In comparison to the control animals the fat-rich fed animals possessed a higher body weight index, hyperleptinemia, higher glucose concentrations
in the blood and an increased insulinemia.
At the same time the synchronization of
the clock by light was affected in these animals. If the internal clock experienced a
jet-lag of 6 hours by changing the lightdark cycle, the rhythm was less rapidly
advanced. There were also differences on
the molecular level due to light-induced
phase shifts (c-FOS and P-ERK1 reduced).
1 c-Fos

belongs to the ’immediate early gene’ family of transcription factors. Transcription is upregulated by many extracellular signals. Phosphorylation changes activity and stability. Members of the Fos family dimerize with Jun and
form the AP-1 transcription factor, which up-

8.4 Alcohol and other drugs
Fat-rich food modifies thus the circadian
synchronization by light (Mendoza et al.
(2008a)).
The synchronization of the central circadian clock in the SCN by feeding is
more effective in rodents, if it is restricted in time and in calories, for instance by a single meal per day at the same
time. Since, however, the constant feeding
time coincides with the hypocaloric conditions, an ultradian feeding pattern was
adopted with six meals per day (6 times 8minutes, scarce food supply, and 6 times
12-minutes, rich food supply). The daily
respectively circadian rhythms of running
wheel activity and body temperature were
phase shifted under scarce food supply
(rhythm is advanced as well as delayed).
In the case of the well fed rats without loss
of weight the rhythm was hardly or not
shifted. This demonstrates, that caloric restriction synchronizes the SCN to the time
of feeding in spite of the presence of a
light-dark cycle (Mendoza et al. (2008b)).

8.4 Alcohol and other drugs
As mentioned already, a per2-mutation in
mice brings about another phase relation
(Spanagel et al. (2005a)) and leads at the
same time to a higher alcohol consumption. Among humans possessing this mutation alcoholism is frequently found. In
clk-mutations sleep is affected, likewise in
BMal1-mutations (Laposky et al. (2008)).
Alcohol-metabolism
(chronokinetics)
and -effect (chronotoxicity) show a circadian pattern. The target organs do also
react periodically to alcohol (chronesthesia) (Danel and Touitou (2004)). The
driving capability is reduced by alcohol,
even at low blood levels. Alcohol increases the danger of collisions and the
chances of recovery after accidents. Attentiveness and mental stress are affected.
Scarcely studied are the effects of drugs
such as marijuana, benzodiazepines and
other psychoactive drugs (stimulants and
narcotics) (Ogden and Moskowitz (2004)).

Finally it should be pointed out, that
obesity and insulin-resistance in hibernating mammals possesses a selective advantage. According to a hypotheses of Neel
(1962) this was true also for humans of
the past, because for them it was advantageous, if acute, physiological and prognostic events tuned the body to the food shortage during the winter (including T2DM).
Nowadays this is, however, pathological
and harmful (see Scott and Grant (2006)).

Spanagel et al. (2005b) studied, how alcohol and clock-genes interact in mice. In
alcohol-favoring mice strains the circadian
rhythm of behavior is altered. At the neuronal level alcohol alters the circadian pattern of expression of the per-gene in different regions of the brain including the
SCN. The per2-gene activity regulates alcohol uptake by affecting the glutamergic system via the glutamate re-uptake
mechanism. This in turn affects a number of physiological events, which are controlled by the circadian clock. Besides neuregulates transcription of various genes, which rochemical functions neuroendocrine and
2
for instance participate in the division and dif- immunological functions are disturbed .
ferentiation. c-fos is used as a marker of neural
activity, since it occurs during firing of neurons.
P-ERK is an initiation factor of translation in
eukaryonts

2 see

however Zghoul et al. (2007)
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8.5 Cardiovascular diseases
It is well known, that cardiovascular diseases such as congestive heart failure and
coronar insufficiency lead to sleep disturbances. Less well known is, that certain physiological events during longterm
sleep deprivation can induce high blood
pressure, arteriosclerosis, heart attack and
arrhythmia. Chronicle sleep deprivation
is a risk factor for overweight and its visceral form, the basis of the metabolic syndrome. Obstructive and central sleepapnoe are connected with our current
overweight epidemic and increase the
danger of heart attack or the ischemic attack (Plante (2006)).
Begin and symptomes of diseases such
as heart attack, Angina pectoris, heart infarct, ventricular tachycardia depend on
the circadian phase. Heart infarct, Angina
pectoris and silent ischemia in the case of
stable angina occur in most cases between
8 and 12’o clock.
ECG-abnormalities
and angina-attacks in the case of instable angina occur mostly during the night.
Blood pressure and heart rate are high
in normotonic and primary high pressure
patients during the day, drop during the
night and increase again in the morning.
70% of secondary high pressure patients
do not show a rhythmic course or exhibit
even an increase during the night. Various types of a disease can thus show
different circadian patterns of the symptoms. Treatment with drugs has to take
this into account and has to occur at the
corresponding most favorable time. The
pharmacokinetic does also change during the course of a day (shown for various cardiovascular drugs such as propranolole, nifedipine, verapamil, enalapril,
isosorbid-5-mononitrate, digoxin and others(Lemmer (1999)).
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8.6 Sleep disturbances, overweight, depressions
Sleep depriviation influences endocrine
functions and metabolism. The cortisol
level increases in the afternoon and early
evening. Consequently the glucocorticoid
level increases, which could lead to memory shortcomings as found in advanced
years. Chronicle sleep deprivation can
thus speed up the aging process. Likewise
the carbohydrate tolerance is influenced,
which increases the risk for diabetes. Finally sleep plays also an important role in
the energy equilibrium. Partial sleep deprivation reduces the plasma level of leptin and increases that of ghrelin; hunger
and appetite increase (but not for protein
rich food). The neuroendocrine regulation
of appetite and food uptake is thus influenced by the sleep duration, and sleep deprivation can lead to overweight (Copinschi (2005)).
One reason of obesity can be a changed
sleep-wake rhythm . This alters the synchronization of the SCN by the LD-cycle3 .
Lipolysis in the fat tissue occurs rhythmically: It increases during the night, and
it decreases again during the afternoon4 .
Sleep deprivation leads to disturbances of
the metabolism and obesity, which can
lead to diabetes (T2DM). In a study with
thousand patients it could be shown, that
obese persons had the shortest sleep duration (as an average 15 minutes shorter),
were more sleepy during the day and had
a more disturbed night sleep as compared
to normal weighted persons. Obesity is
3 in

rodents such as the Siberian hamster the body
weight is increased under shortday conditions
via control of the SCN. In this way the body prepares itself for hibernation
4 however, in the mutant T1DM lipolysis increases
earlier and stays high during the night

8.6 Sleep disturbances, overweight, depressions
according to these studies caused by environmental factors, but has also a genetic component. Both factors increase
food uptake and the energy metabolism is
compromised. Molecular studies to these
questions are from Larkin et al. (2005),
Larkin (2006) and Iitaka et al. (2005)).
There is finally also a connection between circadian rhythms, sleep disturbances and depressions (Germain and
Kupfer (2008)): It is differentiated between non-seasonal and seasonal depressions. The latter one occur often during
the winter and are called Seasonal Affective Disorders (SAD). Winter depressions
are partly combined with hypomania during the spring. For an overview see Levitan (2007). Depressives have an increased
suicide rate. It fluctuates with a circadian
and an annual rhythm (van Houwelingen
and Beersma (2001)) and increases with ascending light intensity of the sun (Lambert et al. (2003), Björkstén et al. (2005),
Koenigsberg (1984)).
Sleep disturbances are frequently observed during depression: 90% of the
depressives encounter difficulties to fall
asleep, to sleep through the night, or they
wake up too early, 6-30% sleep too much
(Roberts et al. (2000)), especially in winterSAD; sleeplessness, however, occurs more
often in summer-begin-SAD. For the control of the sleep-wake-rhythm see Saper
et al. (2005).
A number of circadian hypotheses of depression were put forward:

whereby morning light seems to be
more effective (Lewy et al. (1998),
Terman and Terman (2005)). Melatonin administration helps in winterdepressions (Lewy (2007)). According
to Terman and Terman (2005) the depression is alleviated by an advanced
melatonin-rhythm.
2. Internal phase coincidence: There
is a sensitive phase of the circadian rhythm (Borbely (1982)).
If
the rhythm is shifted, the dissonance
between circadian phase and sleep
phase increases (Wehr and Goodwin (1975)). Antidepressives such as
MAO-inhibitors (MAOI) are also able
to shift the rhythm and have a therapeutic effect (Kripke et al. (1983)).
3. Depressions are characterized by a
long REM-latency. If the REM-sleep
is suppressed by pharmaca or by behavior, mood improves (see however
Grözinger et al. (2002))
4. Increased REM at the cost of the
Slow Wave Sleep (SWS): This disturbs
according to Borbely (1982) the Sprocess (see however Sharpley (1995))
5. Social and accompanying physiological rhythms are disturbed (Ehlers
et al. (1988), Frank et al. (1997),
Grandin et al. (2006))
6. Clock-gene-polymorphism shall lead
to depressions according to newer
work (Bunney and Bunney (2000),
Benedetti et al. (2003), Serretti et al.
(2003), Serretti et al. (2005), Joyce et al.
(2005))

1. Phase shift: The daily rhythm is advanced or delayed, which can be seen
also in the SCN rhythm. As a therapy
strong light pulses can be given (Lam
et al. (1999), Rosenthal et al. (1990)). Chronotherapeutic measures were proMorning- and evening light improve posed by Epperson et al. (2004) and Goel
the condition (Eastman et al. (1998), et al. (2003). According to Barbini et al.
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(2005) dark therapy shall reduce manic
symptoms. Sleep deprivation was used
by Pflug (1976) and by Wirz-Justice and
van den Hoofdakker (1999). The results
are, however, not consistent. Lithium salts
are known antidepressives (Schou (2000);
see also Colombo et al. (2000), Loving et al.
(2002)). A therapy using social rhythms
was used by Frank et al. (2005).
The effect of antidepressives on depressions, the circadian rhythm and
the sleep-wake-rhythm was discussed
by Tsuno et al. (2005), Argyropoulos
and Wilson (2005) and Winokur et al.
(2001). Tricyclic antidepressives suppress
the REM-sleep, MAOI, SSRI (selective
serotonin-uptake inhibitors) and SNRI
(serotonin-norephinephrine-re-uptakeinhibitors) and newer antidepressives
such as agomelatin (acts on melatoninand serotonin-receptors, San and Arranz
(2008)) advance the circadian phase (see
Rupprecht et al. (2004)).
Further literature: Wolk et al. (2005),
Oishi et al. (2005), Wijnen and Young
(2006), Canaple et al. (2006), Fausto et al.
(2006), Kornmann et al. (2007), Kornmann
(2007), Mendoza (2007), Reddy and Maywood (2007) Maronde et al. (2007), Almon
et al. (2008), Bertolucci et al. (2008), Bussone (2008), Downes and Liddle (2008).
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