
 

 

 University of Groningen

Dawn and dusk
Spoelstra, Kamiel

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2005

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Spoelstra, K. (2005). Dawn and dusk: behavioural and molecular complexity in circadian entrainment.
[Thesis fully internal (DIV), University of Groningen]. [s.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/00a7d5f2-83da-493b-af89-a2e4261551aa


Dawn and Dusk
Behavioural and molecular complexity in circadian entrainment



The work described in this thesis was carried out at the laboratory of Behavioural
Biology, University of Groningen, P.O. Box 14, 9751 NN Haren, the Netherlands.

This study was supported by BrainTime (EC 5th framework Grant QLRT-2001-1829)

This thesis was printed with financial support from the School of Behavioural and
Cognitive Neurosciences (BCN), University of Groningen.

Lay-out: Dick Visser 
Cover: Froukje Rienks - murine Pushmepullyou, adapted from H. Lofting

The story of Docter Dolittle
Photographs: Kamiel Spoelstra

Jan van de Kam (pag 68)
Froukje Rienks (pag 12)
Rollin Verlinde (pag 84, 110)

Printed by: Van Denderen b.v., Groningen
ISBN electronic version: 90-367-2341-8

ISBN: 90-367-2340-X 



RIJKSUNIVERSITEIT GRONINGEN

Dawn and Dusk
Behavioural and molecular complexity in circadian entrainment

PROEFSCHRIFT

ter verkrijging van het doctoraat in de
Wiskunde en Natuurwetenschappen
aan de Rijksuniversiteit Groningen

op gezag van de 
Rector Magnificus, dr. F. Zwarts,
in het openbaar te verdedigen op

vrijdag 14 oktober 2005
om 16.15 uur

door

Kamiel Spoelstra

geboren op 30 juli 1972
te Amsterdam 



Promotores: Prof. Dr. S. Daan
Prof. Dr. D. G. M. Beersma

Beoordelingscommissie: Prof. Dr. U. Albrecht
Prof. Dr. P. G. M. Luiten
Prof. Dr. T. Roenneberg



Contents

Chapter 1 Introduction 7

Chapter 2 Accuracy of human circadian entrainment under natural 13
light conditions: model simulations

Chapter 3 Ground squirrel activity during the solar eclipse of August 11, 1999 27

Chapter 4 No distinction between dawn and dusk light pulses 31
by the mouse circadian system

Chapter 5 Restoration of self-sustained circadian rhythmicity 41
by the mutant Clock allele in mice in constant illumination

Chapter 6 Phase responses to light pulses in mice lacking 49
functional Per or Cry genes

Chapter 7 Light induced c-Fos expression in the suprachiasmatic nucleus 69
of mPer1, mPer2, mCry1, and mCry2 deficient mice              

Chapter 8 Photoperiod and the expression of circadian activity patterns 85
in mice lacking functional Per or Cry genes

Chapter 9 Circadian rhythmicity in constant light in mice lacking 99
functional Per or Cry genes

Chapter 10 Dawn and Dusk – specialisation of circadian system components 111
for acceleration and deceleration in response to light?

Chapter 11 Integration 127

References 141

Nederlandse samenvatting 149

Dankwoord 155

Publications 159





7

Introduction

1



INTRODUCTION

Endogenous self sustained circadian oprganization is one of the fundamental
properties of life on earth. The circadian system is a well preserved function that
subserves the optimal timing of physiological processes and organization of behaviour.
It enables organisms to anticipate periodically recurring daily events. It is present in
nearly all phyla, from unicellular organisms to vertebrates. They display the capacity
for selfsustained rhythmicity when deprived of any external clue denoting the time of
day. Yet this self-sustained capacity is a property deriving its function for the fitness of
the organism from its behaviour under entrainment. Entrainment provides the true
key to both function and mechanism of circadian organisation. In complex organisms
the function of entrainment is often condensed in central nervous pacemakers that
both channel the information on the day outside via often specialized photoreceptors
to the body and coordinate and synchronize the multitude of oscillations in cells and
tissues. In mammals, the master circadian pacemaker is located in the suprachiasmatic
nuclei (SCN) of the hypothalamus (Ralph et al. 1990). The SCN both regulates the
distribution of the activity throughout the day or night and drives peripheral
oscillators in the rest of the body. 
The principal theory on entrainment of pacemakers by light is due to Pittendrigh
(1981 and before), and states that the endogenous rhythm has a cycle slightly deviant
from 24 h, a deviation that is corrected for by instantaneous resets or phase shifts in
response to light every single day. The sign and magnitude of the phase shifts are
phase dependent and thereby yield predictable stable phases of the entrained system
with the outside zeitgeber, or the perfect match between Internal Time and External
Time. This view of phase dependent resets fully suffices to understand global patterns
of entrainment in simple rectangular laboratory LD 12:12 conditions. It failed,
however, to explain the dynamics of behaviour e.g., of nocturnal mammals under
changing photoperiods (Pittendrigh and Daan 1976b), or that of diurnal mammals out
in nature that remain entrained without ever observing dawn or dusk (Hut et al.
1999). These behaviours call for greater complexity of the system than assumed in the
simple phase-only model of instantaneous discrete shifts. They led Pittendrigh himself
to the formulation of a more complex theory in which the pacemaker is composed of
two different elements that together adjust flexibly to the varying daylength outside
(Pittendrigh and Daan 1976c). The new potential offered by the genomics
developments now calls for renewed interest in the problem of entrainment by light.
Many of the old behavioural protocols applied to intact wild animals can now be
applied to animals with genetically engineered clock systems to further probe into the
their functional organization. This thesis aims to contribute to the understanding of
the complexity of circadian entrainment. 
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Entrainment to the natural light/dark cycle
The initial inspiration for the project that forms the basis of this dissertation was the
‘case of the European ground squirrel’ the problem that the classic PRC model for
entrainment could not explain the entrainment of the European ground squirrel
(Spermophilus citellus) to the natural light/dark cycle (Hut et al. 1999). The enigma of
an accurately entrained rhythm in animals that virtually never in their life observe
dawn or dusk led to the concept that light does much more than generate discrete
phase shifts to correct for aberrations in the period, and rather causes biological clocks
to tick at exactly 24-h periods. Careful measurements of both a phase response curve
(PRC) and a period response curve (τRC), and model simulations (Beersma et al.
1999) suggested an important role for τ responses in the entrainment of the species to
natural light. 
Human circadian behaviour is comparable to the circadian behaviour of the ground
squirrels. We too determine our light exposure by behaviour. In daytime we lock
ourselves up in offices that are illuminated with just a fraction of outside sunlight, and
in the evening we switch on artificial light until we decide it is time to sleep. This
behaviour results in a very irregular light exposure pattern with a ‘shoulder’ at the end
of the day by artificial illumination. Yet human circadian clocks remain perfectly
entrained to the external time, with rather small variance in the phase of different
chronotypes for instance (Roenneberg et al. 2003b). A logical step was to see whether
circadian entrainment of humans to these erratic light patterns would benefit from
period responses as well. In chapter 2 we present the results from a theoretical
simulation study for human entrainment, comparable to the simulation for
entrainment of European ground squirrels (Beersma et al. 1999), on basis of actual
human illumination patterns collected around the equinox. 
Even if changes in circadian period enable the species to entrain more precisely to the
natural light/dark cycle by only subtle adjustments both in phase and pacemaker
velocity, these adjustments still have to be made on the basis of frequent and recurring
Zeitgeber time cues. Since the ground squirrels emerge above ground long after
twilight at dawn, and retreats underground hours before dusk, rapid changes in light
intensity cannot be perceived (Hut et al. 1999). The only change in light intensity they
can observe is a 1 log unit decrease in light intensity by the end of the afternoon. Are
such weak and unreliable signals really used for entrainment, or does reduced light
chase the animals into their burrows, such that they themselves provide a secondary
timing cue by their own behaviour. We needed a field experiment to resolve this
question: darken the meadow at an other time of day, and see whether the animals
respond. On August 11, 1999, nature itself provided the experiment: test whether a
light intensity drop caused the animals to retreat. We used the solar eclipse that
darkened a natural population of “sousliks” near Vienna in the middle of the day for a
few minutes. The results of this natural experiment are described in chapter 3.
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The dual oscillator model
Optimizing the behaviour of different species, such as the European ground squirrel,
demands a continuous adjustment of the endogenous circadian program to changing
day length. Many physiological processes recur on an annual basis and depend on
accurate measurement of the time of year. In mammals, the duration of the subjective
day and night is stored by the SCN (Sumová et al. 1995; Sumová and Ilnerová 1998;
Jagota et al. 2000; Mrugala et al. 2000). The mechanism responsible for day length
coding is not clear. The theory of Pittendrigh provides a theoretical explanation that
enables a master circadian oscillator to encode day length. It proposes that the master
pacemaker consists of two internally coupled oscillators with differential properties.
One oscillator (E for evening) is supposedly decelerated by light, and the other
oscillator (M for morning) is accelerated by light, thereby tracking dusk and dawn,
respectively. This model yields specific predictions towards a pacemaker that has a
defect in either the E or the M oscillator.

The molecular clock and the EM model
The recent unraveling of the molecular system behind the circadian pacemaker makes
it possible to study specific properties and function of molecular components within
the core of the circadian clock. With the availability of mice with mutations in core
clock genes, mutant circadian phenotypes can be assessed which in turn elucidate
properties of the circadian system. 
The phenotype of mPer1Brdm1, mPer2Brdm1, mCry1-/- and mCry2-/- mutant mice did show
signs of a pacemaker that has either a defective E or a defective M oscillator (van der
Horst et al. 1999; Albrecht et al. 2001) or of a pacemaker that has both a defective E
and M oscillator by double mutations (Zheng et al. 1999; van der Horst et al. 1999).
This led to the proposition of a molecular basis for the original EM hypothesis (Daan
et al. 2001). This provided testable predictions with respect to the circadian behaviour
of mice with these mutations regarding phase resetting, rhythmicity, circadian
phenotype in constant light and the response to changing photoperiod. These
predictions and their experimental tests are the focus of most of the rest of the thesis.
Most of the work was done with mPer1Brdm1 and mPer2Brdm1 mice, available through the
help of Dr. U. Albrecht and the mCry1-/- and mCry2-/- knockouts mice, given to us by
Dr.G.T.J. van der Horst. It is these genes in particular to which a specific role was
assigned in the E-M model, viz. that per1 and cry1 would be part of the M component,
and Per2 and Cry2 part of the E component. 
I made one interesting digression using mice with a mutation of the clock gene
(Vitaterna et al. 1994), another gene belonging to the central circadian clock machinery.
In anticipation of the studies with constant light in the four Per and Cry mutant lines,
we exposed mice with mutant clock alleles to LL and observed that most animals
become rhythmic under conditions where wildtypes have lost their selfsustained
rhythmicity (chapter 4). This turned out later to be true also of per2-mutants. 
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The Cry and Per mutant studies focussed on the full phase response curves for brief
light pulses (chapter 5), the behavioural adjustment to changing photoperiods
(chapter 7) and the rhythmicity in constant illumination (chapter 8). For all these
conditions the molecular E-M model yielded robust predictions which we could test.
In addition, the collaboration with the group of Howard Cooper in Lyon (R.A.Hut,
M.M.Oklejewicz) made it possible to study a potential corollary of the model. It is
known that the induction of the immediate early gene cFos in the suprachiasmatic
nyucleus by light is associated with behavioural phase resetting (e.g., Wollnik et al.
1995). One might expect that component oscillators control their own light input and
thereby affect whether cFos is induced by light depending on time of day. Although this
is not necessarily a test of the E/M model we carried out this study in the mutant and
wildtype strains. This is extensively described in chapter 6.
The final two chapters provide an overview of where we now stand on the issue of the
E/M system. Chapter 9 provides a summery of most of the experiments done, while
chapter 10 gives primarily a perspective on further ideas and future work. While our
experiments have provided some limited support for the opposite effects of Per1 and
Per2 in the system which snugly fit into the E/M hypothesis, much of the Cry
knockout studies failed to confirm the predictions. Yet we retain some faith in the
concept, and that faith has recently been reinforced by the highly elegant unraveling of
the pacemaker in Drosophila melanogaster which turns out to consist of two groups of
neurons, one responsible for the behavioural anticipation of dawn, one for the
behavioural anticipation of dusk (Stoleru et al. 2004; Grima et al. 2004; Schwartz
2004). One biological problem, one solution ? 
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Accuracy of human circadian entrainment
under natural light conditions:
model simulations

D. G. M. Beersma, K. Spoelstra, S. Daan

Published in Journal of Biological Rhythms 14 (1999):525-531
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ABSTRACT

The patterns of light intensity to which humans expose their circadian pacemakers in daily life
are very irregular and vary greatly from day to day. The circadian pacemaker can adjust to such
irregular exposure patterns by daily phase shifts, such as summarized in a phase response
curve. It is demonstrated in this paper on the basis of computer simulations applying actually
recorded human light exposure patterns that the pacemaker can substantially improve its
accuracy by an additional response to light: For that purpose, it should additionally change its
angular velocity (and consequently its period τ) in response to light. Reductions of τ in
response to light in the morning and increases of τ in response to light in the evening can lead
to an increase in entrained pacemaker accuracy with about 25%. Circadian pacemakers have
evolved as accurate internal representations of external time, and investigated diurnal
mammals all seem to respond to light by changing the period of their circadian pacemaker (in
addition to shifting phase). The authors suggest that also human circadian systems take
advantage of this possibility and that their pacemakers respond to light by shifting phase and
changing period. As a consequence of this postulated mechanism, the simulations
demonstrate that the period of the pacemaker under normally entrained conditions is 24 h.
The maximum accuracy corresponds to a day-to-day standard deviation of the time of phase 0
of circa 15 min. This is considerably more accurate than the light signal humans usually
perceive.



INTRODUCTION

By their behavior, humans expose themselves to very irregular daily light profiles. They
withdraw in buildings for long time intervals and use artificial light. As a consequence,
their circadian pacemaker receives highly variable light intensities as an input for
entrainment. Since the human circadian pacemaker responds to light by shifting its
phase (Honma and Honma 1988; Czeisler et al. 1989; Minors et al. 1991), as
summarized in phase response curves (PRCs), it will show daily advance and delay
phase shifts in variable amounts. The purpose of this paper is to demonstrate that the
light intensity profiles humans expose themselves to lead to highly variable phase
positions of their clocks when determined on the basis of classical phase response
theory. It will be demonstrated that the accuracy of the pacemaker can be significantly
improved by letting the period of the pacemaker respond to light as well. 
In a recent publication (Beersma et al. 1999), we proposed a new view on entrainment
of circadian pacemakers. At the heart of that work was the observation that the few
diurnal species that have been investigated all showed both phase shifts and τ changes
in response to a light stimulus. The potential importance of the τ changes for the
accuracy of entrainment in diurnal mammals was investigated in a series of simulations.
The model used for the simulations was as simple as possible: It was assumed that the
state of the pacemaker at any moment was characterized by its momentary phase angle
and by the instantaneous velocity with which it runs through its circadian cycle. In
addition, it was assumed that the model pacemaker responds to light in two ways: (1)
it changes its phase angle as characterized by a phase response curve (PRC) and (2) it
changes its velocity as characterized by a τ response curve (τRC). (Note: velocity and τ
are inversely proportional because the velocity determines the time it takes to
complete one revolution). It was further assumed that noise in the pacemaker system
influences phase and period. In the simulations, the model pacemaker was exposed to
a light-dark cycle. This was not the standard laboratory on-off light signal, but it was
designed to reflect the natural light pattern at the equinox: At about halfhour intervals,
the equinoxial clear sky intensity value was reduced by a random amount to simulate
overcast and shades. In a series of simulations, the magnitude of phase shifts and τ
changes in response to light were varied independently and systematically. It was
shown that the accuracy of a pacemaker entrained by such quasi-natural light-dark
cycles can benefit substantially from period control (τ changes) in addition to phase
control. It was also observed that the period of the pacemaker in entrained situations
was very close to 24 h for the majority of combi-nations of PRC magnitudes and τRC
magnitudes, including the combinations that yielded peak accuracy. 
The simulations concerned model “animals,” which were supposed to be continuously
subjected to the light-dark cycle, such as is indeed the case for some animals in the
wild (for instance, non-burrowing mammals). However, many species make burrows,
nests, or houses in which they withdraw from the light for substantial fractions of the
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day. By this behavior, the light signal as it is perceived by their pacemakers becomes
substantially different from the light-dark signal outdoors. Some nocturnally active
burrowing species only see some twilight at dawn and/or dusk (Terman et al. 1991),
while some diurnally active burrowing species never see the twilight and only ex-
perience darkness within their burrows (Hut et al. 1999). The human circadian pace-
maker is also subjected to a light signal, which differs drastically from the light
outdoors. In daytime, we frequently withdraw from the natural light in buildings with
varying window sizes. We use curtains to curtail the morning light and we increase the
light level to which we expose ourselves by artificial light. From the work by Okudaira
et al. (1983) and Savides et al. (1986), we know that the daily interval of light exposure
beyond 1000 Lux is often less than an hour. Cole et al. (1995) and Hébert et al. (1998)
published average light exposure patterns of humans in winter and in summer.
Although these papers clearly demonstrate substantial day-to-day variation, the
information provided is insufficient to be used for simulations of pacemaker accuracy. 
In this paper, we report on daily light exposure patterns of humans around the spring
equinox and apply those patterns in simulations of the accuracy of the human
circadian pacemaker to test whether the accuracy of the human circadian pacemaker
would also benefit from τ responses in addition to phase responses. We conclude that
minor velocity adjustments in response to light are sufficient to keep the human
circadian system accurately entrained by highly erratic patterns of light exposure.

METHODS

Subjects and Light Recordings
Five healthy subjects (1 female, 4 males, age range 26-32 years) volunteered to
participate in this experiment. They were all biology PhD students engaged in regular
research activities. For 14-17 consecutive days centered around the spring equinox of
1999, each wore a light sensor (calibrated to record light intensity in Lux) on their
collars, which was connected to a portable data logger (Joblog, Bakker and Beersma
1991). The experiment was performed in Groningen, the Netherlands, at a latitude of
53°10’N. Light intensity values were stored in memory at 1-min intervals. The
sensitivity of the system ranged from 0 to 5075 Lux with a resolution of 20 Lux.
Values beyond 5075 Lux were attributed a value of 5075 Lux. Technical problems
resulted in the loss of 6 days of recording, 3 of which were compensated by a subject
who continued wearing the sensor after 2 weeks. 
Subjects listed events of which they suspected that light intensity as recorded would
differ from light intensity at the level of the retina, such as sleep intervals. The effects
of eye closure during indicated sleep intervals was accounted for by dividing measured
light intensity by 30, as an estimate of eyelid light transmission. 
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The Model
The assumptions and structure of the entrainment model have been explicitly stated
previously (Beersma et al. 1999). Briefly, the system is defined at each time by its
instantaneous phase ϕ and velocity 1/τ. Both respond to light at a rate proportional to
light intensity I. The responsiveness of the model system to light is defined on the
basis of a PRC and a τRC, the amplitudes of which are varied systematically in a series
of simulations. The shapes of these response curves (Figure 2.1) are based on human
PRC data obtained with single light pulses (Honma and Honma 1988; Minors et al.
1991; see Beersma and Daan 1993) and on Jewett et al.’s (1997) observations of a
linear relationship between the timing of light pulses during the day and the resulting
phase shift. First a smooth PRC was constructed by Fourier analysis of the single pulse
data with three harmonics. The harmonic analysis resulted in a secondary peak and
trough during the day, which is unrealistic as is shown by Jewett et al. (1997). This
part of the curve was therefore replaced by a linear decline, the slope of which was
estimated from Jewett et al.’s data. 
In the absence of stimulation, a biological pacemaker will not be capable of main-
taining its period exactly constant or its phase angle exactly proportional to time. We
therefore incorporated small perturbations in the model. This was done by adding a
random number (drawn from uniform distributions with zero mean) to τ at the end of
each 4-min interval, and another random number to ϕ. Simultaneously, τ is reset to a
new value to take into account the slow return of the pacemaker’s velocity to its long-
term stable value of 360/τ0 during prolonged free-run in DD. In the model, this is
realized by reducing the difference between τ and τ0 by a contraction factor c. From
mice data (Pittendrigh and Daan 1976a), c was estimated to be 0.991/360. For humans,
similar data are not available. In summary, the model is described by the following two
recursive equations, which are calculated every 4 min: 

ϕi+1 = ϕi + 24/ϕi + εϕ + rϕ . ∆ϕ(ϕi) . It (1)
τi+1 = τi - c . (τi-τ0) + ετ + rτ . ∆ϕ(ϕi) . It (2),

where
∆ϕ(ϕi) = average diurnal mammal PRC

rϕ = scaling factor for sensitivity to light in terms of phase shifts
rτ = scaling factor for sensitivity to light in terms of t changes
It = applied light intensity at time t
c = rate of contraction of τ to τ0

τ0 = long-term steady state value of τ in DD
εϕ, ετ = random numbers, drawn from rectangular distributions

of zero mean and width = ηϕ, ητ
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In this model a realistic equinoxial light-dark cycle is applied with fluctuating light 
intensity, It, as measured during 14 successive days in 1 individual.Weuse the cubic
root value of light intensity to account for the light sensitivity characteristics of the
human visual system (Stevens 1961; Kronauer 1990). Calculations were based on
1000 days. For each day, 1 of the 14 light profiles was selected randomly. 
The behavior of the model system was investigated for various combinations of the
PRC and τRC amplitudes, rϕ and rτ. The output variable under study is the accuracy of
the pacemaker system. For that purpose, the standard deviation of the clock times at
which the phase angle equals zero is calculated. The accuracy of the pacemaker system
is defined as the reciprocal value of this standard deviation in hours and has the
dimension h-1. In each simulation, the standard deviation, and hence accuracy, is
computed over 1000 days of the model system, after skipping the initial 100 days to
allow for transients to disappear. t0 was set to 24.2 h (Czeisler et al. 1995; Beersma
and Hiddinga 1998). 
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RESULTS

Human Light Exposure
Examples of light exposure recordings of a single subject are presented in Figure 2.2.
Since the intensity response curve of the human circadian pacemaker fits closely to a
cubic root function (Kronauer 1990; Boivin et al. 1996), cubic root values of the
observed intensities were taken. The amount of time spent in light intensities over
1000 Lux shows considerable day-to-day variation, as does the timing of these events.
On average, the subjects spent 99 min in light intensities over 1000 Lux (range: 0-312
min; average daily duration of outdoors light intensity above 1000 Lux: 614 min).
Obviously, the light signal to which the human circadian pacemaker entrains is
extremely irregular and variable from day to day. 
In total, we collected 67 recordings of complete days, recorded by 5 subjects. The
average daily profile over all recordings is shown in Figure 2.3. As expected from
literature data, resulting values are always below 1000 Lux. Interestingly, the average
light exposure pattern is rather asymmetrical with a steep rise in the morning and a
shoulder in the evening. The morning rise was between 8 and 9, much later than civil
twilight and must be behaviorally determined. The evening shoulder reflects artificial
lighting. Obviously, truncation both at the upper and lower end of the light intensity
scale affects the precise location of the average curve. 

Impact of Realistic Light Exposure on the Human Circadian Pacemaker
Recorded light exposure values of 1 subject were used for simulations of pacemaker
accuracy. In a series of simulations, PRC amplitude was varied from 0 to 2 in steps of
0.05 (2 meaning that the amplitude was twice as large as the one that was presented
in Fig. 2.1). Each value of PRC amplitude was combined with a series of τRC
amplitudes (0.1 meaning that the change in τ in hours corresponding to the change in
angular velocity was one-tenth of the phase shift in Fig. 2.1), to estimate pacemaker
accuracy. The results are presented in Figure 2.4. The contour lines connect points
with equal pacemaker accuracy. The results show that pacemaker accuracy is maximal
near PRC strength = 0.15 and τRC strength = 0.01. The maximal value is about 10 h-1,
which means that the minimal standard deviation of the clock times of phase = 0 is
about 6 min. Before paying much attention to these results, we must first consider the
possible impact of intrinsic pacemaker noise, which was not taken into account in the
simulations of Figure 4 (εϕ = ετ = 0). 

Intrinsic Pacemaker Noise
The current state of our model pacemaker is determined by its momentary phase
angle, ϕt, and by its instantaneous velocity, 1/τt. Somehow the values of ϕt and τt must
be represented in the circadian system, otherwise a phase-dependent response could
not be possible, and without some representation of τt, the system would not be able
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to sustain circadian oscillations. No matter how ϕt and τt are represented in the
circadian system (concentrations of molecules, activity in a neural network, anatomic
connectivity, etc.), their values must show some inherent fluctuations. These
fluctuations we call noise. Noise must reduce pacemaker accuracy. As a result,
pacemaker accuracy as determined in Figure 2.5 will not represent the actual situation:
Pacemaker accuracy must be less. But how to estimate the intrinsic noise of the
pacemaker? 
To the best of our knowledge, this can only be done by making an additional
assumption. Suppose that the human circadian pacemaker is optimally tuned to the
light signal it is exposed to. In other words, suppose that it cannot improve its
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accuracy by changing its sensitivity to light. In that case, it can be argued that the
accuracy of the pacemaker due to the fluctuations in light exposure alone must be
equal to the accuracy of the pacemaker due to its intrinsic noise alone. This is true
because if, for instance, the accuracy of the pacemaker due to its own noise were
better, the pacemaker would improve its final accuracy by reducing its sensitivity to
light. By doing so, it would give preference to the better intrinsic accuracy. Hence,
when we presume that the pacemaker is optimally tuned to the light signal, the
accuracy of the pacemaker due to its intrinsic noise cannot be smaller than its accuracy

Human entrainment

21

2.5
2.5

3.0

3.0

3.0

3.0

3.0

3.0
3.0

3.0

3.0

3.0
3.0

2.5

2.5

3.0

3.0

3.0

2.5

2.5

2.5

2.0

2.5

2.5

1.5

2.5

3.0

3.0

1.0

3.0

3.5

3.5

0.5

3.0

3.5

3.5
3.5

3.0

2.5

3.5

3.0

3.5

3.0

3.5

3.0

2.5

2.5

4.0

3.0

2.5

3.0

2.5

4.0

3.5

2.5

3.0

4.0

2.5

4.0

2.5

3.0

2.5

2.5

3.0

2.0

2.5

3.5

2.5

2.0

2.0

2.5

3.0

1.5

2.0

2.5

1.5

2.0

1.5

2.5

1.5

2.0

2.5

1.0

1.0

2.0

1.0

0.5

0.5

1.0

1.0

PRC amplitude

0 1 2

 τ
R

C
 a

m
p
lit

u
d
e

0.0

0.1

0.2

0.3

0.4

Figure 2.5 Simulations of pacemaker accuracy for a series of combinations of PRC strength and
τRC strength (see text). Lines connect points of equal accuracy. It was assumed that period and
phase of the pacemaker were subjected to noise. The impact of these two sources of noise on
pacemaker accuracy were made equal. The accuracy profile represents the average profile of 5
subjects.



due to the light fluctuations. By focussing on the impact of the fluctuations in the light
signal, it can be similarly concluded that the accuracy of the pacemaker due to its
intrinsic noise cannot be larger than its accuracy due to the light fluctuations either.
Therefore, in the optimal situation, the two types of noise should have equal
consequences for pacemaker accuracy. Wefurther assume that the two are
independent: The noise in the internal representation of pacemaker state is
independent of the fluctuations in light exposure. The total variance of the times of
phase = 0 is then the sum of the variance due to the light signal and the intrinsic
variance. The two variances are assumed equal, so each represents half the final
variance. The variance is proportional to the square of the standard deviation, hence,
maximal pacemaker accuracy should be 1/√2 times the maximal value without
intrinsic noise. So the amount of intrinsic noise of the pacemaker should be such that
the maximal accuracy reduces from about 10 h–1 to about 7 h–1. 
There is yet another problem to be solved. There are two sources of intrinsic noise,
because there is noise in jt and there is noise in τt. Both the internal representation of
phase and the internal representation of period must be fairly precise to be able to
predict the occurrence of events that recur with circadian cyclicity. We do not see a way
to a priori determine the relative impacts of these two sources of variance. As a simple
guess, we have assumed that each source of noise independently reduces pacemaker
accuracy by the same amount. Thus, in the absence of empirical estimates of the noise
in τt and in τt we have set these at ητ = 0.0015 and ηϕ = 0.000225 to investigate the
behavior of the system in the presence of noise. For the same subject under the
influence of intrinsic pacemaker noise, maximum pacemaker accuracy reduces to 6 h–1,
observed at PRC strength = 0.4 and τRC strength = 0.05. 
With these values for the two types of noise in the model system, we simulated
pacemaker accuracy for all five subjects and calculated the average pattern (Fig. 2.5).
Maximum pacemaker accuracy was about 4.2 h–1 and occurred at a PRC strength of
0.45 and a τRC strength of 0.05. The average value of τ during the days of this
simulation was 24.01 h. Clearly, the changes in τ that are due to the τRC bring τ very
close to 24 h. Maximum accuracy along the τRC = 0 axis (according to classical PRC
theory) is 3.3 h–1 at a PRC strength value of 0.75. Had the human pacemaker only
responded to light by adjustment of period (PRC strength = 0), pacemaker accuracy
would have been maximal at τRCstrength = 0.06 with an accuracy value of 1.2 h–1.

DISCUSSION

Average equinoxial light exposure patterns as observed in this study show large
similarity with winter and summer patterns reported by others (Cole et al. 1995;
Hébert et al. 1998). Most important, all studies found highly variable light exposure
patterns in humans, both within and between days. Since light is the most important
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signal for the entrainment of the human circadian pacemaker, there is little doubt that
the variability of the light signal must have an impact on pacemaker entrainment. The
simulations in this study show that under certain assumptions about the magnitude of
intrinsic pacemaker noise, maximal accuracy is reached near PRC strength = 0.5. This
means that the pacemaker would be most accurate if the sensitivity of the pacemaker
to light were less than is measured in Minors et al.’s (1991) and Honma and Honma’s
(1988) PRC. The large amplitude of the advance peak of the PRC in particular is due
to one large value in the data of Honma and Honma (1988). Discarding this value
would bring maximal pacemaker accuracy much closer to a point where PRC strength
equals 1. A value of 1 would correspond to the situation that the actually measured
PRC in humans is perfectly suited to obtain maximal pacemaker accuracy. Such
reduction in PRC amplitude would also bring the curve closer to the linear slope
obtained by Jewett et al. (1997) who described phase shifts in response to multiple
light pulses applied in daytime. 
It is not known from experimental investigations whether the human circadian
pacemaker responds to light by changing τ. The simulations show that such response
would improve pacemaker accuracy: A τRC with an amplitude of about 0.05 times the
PRC would improve pacemaker accuracy over the situation with no τ response by a
factor of 1.25. The τRC of this size would reach maximum responses of 6 min of
shortening or lengthening to 3 h of light of 3000 Lux at night or in the early morning,
respectively. Maximum accuracy goes from 3.3 to 4.2 h–1 by including the τ response.
Given that significant τ response curves have predominantly been observed in diurnal
species, it is not unlikely that humans have developed a similar response characteristic
but that this has hitherto been overlooked in phase shift experiments. 
In comparison to many other biological processes, circadian pacemakers are extremely
precise: The standard deviation is in the order of a few promille of their period
(Pittendrigh and Daan 1976a; Daan 1987). The development of such high precision
must have been triggered by natural selection to serve important biological functions.
If the precision of the pacemaker is important, it seems likely that the gain achieved by
additionally changing the period of the pacemaker in response to light is actually
exploited. Therefore, we predict that the human circadian pacemaker responds to light
by both shifting its phase and adjusting its period. By doing so, the period of the
pacemaker under normal conditions will (on average) almost equal 24 h (see also
Beersma et al. 1999). Subsequently, phase shifts of the pacemaker in response to light
are only required to retain proper phase, no longer to compensate for a difference
between pacemaker period and imposed period. As a result, the pacemaker need not
be so sensitive to the light, by which it is also less sensitive to the erratic fluctuations
of light intensity. That is the reason why the simulations reveal higher accuracy when τ
responses are included. 
The maximum accuracy that resulted from the simulations is about 4 h–1. This
corresponds to a standard deviation of the times at which circadian phase 0 occurs of
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15 min. If the model is a good representation of the human circadian pacemaker, this
means that under normal light-dark conditions, day-to-day fluctuations in the timing
of phase = 0 have a standard deviation of 15 min. No experimental data are available
to serve as a reference. Perhaps the most interesting comparison to make is the
comparison with day-to-day fluctuations of dim light melatonin onset time (DLMO),
as measured under continuous dim light conditions in humans (Gershengorn et al.
1998). In the absence of a light stimulus, this day-to-day variation amounts to 0.17 h
= 10 min. If we consider this to be due directly to the intrinsic noise of the
pacemaker,we would expect the standard deviation to increase by a factor of √2 under
the additional influence of light exposure. The value of 15 min is very close to the thus
predicted value. 
In summary, the simulations suggest that entrainment of the human circadian system
like that of other diurnal mammals (Beersma et al. 1999) will involve both phase and
period control for optimal accuracy. If this is true, the human system under conditions
of daily life is expected to run at an endogenous period of exactly 24 h. This would
solve the problem of how we can remain accurately entrained in the presence of highly
inaccurate light signals. 
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European ground squirrels (Spermophilus citellus) in their natural habitat emerge from
their burrows ~4 hours after twilight at dawn and disappear ~3 hours before twilight
at dusk (Hut et al. 1999). Entrainment of their endogenous circadian rhythm
apparently does not require the perception of twilight. They might, however, respond
to the small (average 1 log unit) afternoon decrease in light intensity by retreating in
darkness underground, thereby generating a secundary lights-off signal used for
entrainment of their endogenous circadian clock. 
To test whether ground squirrels respond to a decrease in light intensity in this
manner, we exploited the solar eclipse of August 11, 1999. At 12:46 local time, the
moon covered 99% of the sun above a field population of European ground squirrels
near Vienna, Austria (48°18’N, 16°22’E) (Millesi et al. 1999). On August 10, 11 and
12, the number of ground squirrels above ground was counted every 5 min in a 1 Ha
area, from ~06:00h until ~20:00h. Light intensity was measured every 10 min.
Around the partial solar eclipse, data were recorded every 1 min. Light intensity was
24*103 - 37 *103 Lux at the appearance of the first ground squirrel above ground, and
20*103 - 27*103 Lux when the last animal retreated (Fig. 3.1). Rain suppressed above
ground activity, and persistent rain on August 10 precluded data acquisition from
16:20 onwards. The sky was clear during the partial solar eclipse. Light intensity
before the eclipse (11:16-11:46) was circa 110*103 Lux and dropped to 1039 Lux at
12:46. From 12:16 - 13:16 on average 16.3 animals were active above ground. This
number was similar, and certainly not decreased relative to either the hour before
(15.4) or the hour after the eclipse (16.4).
Five ground squirrels were equipped with light-sensitive radio transmitter collars (Hut
et al. 1999) on August 9. Their presence above ground during August 10-12 was
recorded every 10 min, and every 1 min around the time of the eclipse. Four of these
animals were above ground for most (156 - 160 min, 20 min absence by rain) of a
three-hour period around the eclipse. The remaining animal was underground for two
brief episodes of 21 and 12 min, very similar to its above ground activity pattern
during the rest of the day. 
Thus, the animals did not retreat into their burrows in response to the partial solar
eclipse, even though light intensity was reduced by two log units, well below levels
normally perceived at the end of activity. It is unlikely that the daily afternoon retreat
into the burrow is a response to the change in light intensity in European ground
squirrels. 

We thank Froukje Rienks, Ilse Hoffmann, Roelof Hut, Alois Smalwieser and Thomas
Ruf for their practical and logistic support. 
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Figure 3.1 Number of ground squirrels active above ground and concurrent light intensity (Lux),
observed in a 1 ha focal area in a population of European ground squirrels near Vienna, Austria.
Bars indicate presence of animals with a radio transmitter above (thick bars) or under (thin bars)
ground. * Denotes timing of the partial (99%) solar eclipse at 12:46 local time, on August 11, 1999
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No distinction between dawn and dusk
light pulses by the mouse circadian system

K. Spoelstra
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ABSTRACT

Circadian phase responses to single light pulses with increasing and decreasing light intensity
have shown to be similar to each other and to rectangular light pulses. In this study, I tested
whether the direction of reentrainment to a 4 or 6 hour advance or delay in a skeleton
photoperiod was determined by the sequence of alternating ‘dawn pulses’ and ‘dusk pulses’.
Mice subjected to a 4 h delay in the entraining skeleton photoperiod all delayed their circadian
activity rhythm by 4 hours, regardless of whether their subjective night in the new skeleton
photoperiod was flanked by light pulses with decreasing and increasing light intensity, or
reverse. In the same way, all mice subjected to a 4 hour advance in the skeleton photoperiod
did advance their circadian activity rhythm by 4 hours. When exposed to a 6 hour shift in the
skeleton photoperiod, with equal distance to delay or advance, 28 out of 32 mice reentrained
by delay, regardless the direction of intensity change in the light pulses. There was a small
though significant difference in phase angle of the onset of activity between mice reentraining
with their active phase into the dusk to dawn interval, and those reentraining with their active
phase in the dawn to dusk interval. This might be attributed to slight quantitative differences
in effect timing, without distracting from the absence of a clear qualitative distinction between
dawn and dusk.



INTRODUCTION

The widely accepted theory of circadian entrainment states that plant, animal and
human systems respond to light in one part of the circadian cycle with delays, and in
another part with advances. A stable phase relationship is reached when the delaying
part of the cycle coincides with the evening, the advancing part with the morning
(Pittendrigh and Daan, 1976b; Pittendrigh, 1981; Daan and Aschoff, 2001). What is
dawn and what is dusk is thus distinguished by these systems via their own phase
differential at the times of dawn and dusk. Implicit in the theory is that the systems
don’t distinguish dawn and dusk from their physical characteristics, i.e., the gradual
increase in light intensity characteristic of dawn, the decrease of light intensity at dusk.
The theory has been subjected to extensive experimental testing of quantitative
predictions. These predictions were based on free running periods and phase response
curves towards brief rectangular light pulses (Pittendrigh, 1981). Despite inconsisten-
cies between prediction and observation (Pittendrigh and Daan, 1976b) the model has
commonly been considered valid, and the problem of entrainment solved. The tests
have so far been restricted to rectangular light pulses however, which do not
differentially mimic dawn and dusk because the gradual changes in light intensity are
missing. It might be so that under natural conditions organisms would have additional
or even better means to differentiate between dawn and dusk than only via their
subjective time of occurrence. Whether circadian systems recognize dawn and dusk as
such on the basis of on their light intensity dynamics has never been directly tested,
although Boulos et al (1996c) did address the question indirectly by measuring PRC’s
for dawn and dusk pulses. This issue is of importance since recent studies have
suggested that diurnal ground dwelling mammals may exploit slow intensity gradients
for entrainment (Hut et al., 1999), and that gradual and sudden light transitions lead
to major differences in entrainment patterns in hamsters (Boulos and Macchi, 2005). 
I decided to experimentally address the question whether circadian systems
differentiate between light stimuli characterized by gradual dawn and dusk transitions.
I did this in mice, as exemplary for burrow dwelling nocturnal animals that are
naturally exposed to brief light pulses in the evening and morning around the
beginning and end of their daily activity time. Such pulses will generally consist of one
on/off transition when the burrowing animal enters or leaves its burrow and a gradual
transition due to the rising or setting sun (e.g., Kenagy, 1976, Boulos et al., 1996a). To
analyze whether animals differentiate in their entrainment between dawn and dusk
light signals occurring at the same circadian phase, I entrained them first to a skeleton
photoperiod with two identical rectangular light pulses 12 hours apart. I then replaced
this LD cycle by a similar but phase shifted cycle now with one dawn and one dusk
pulse 12 h apart. I investigated if it made any difference for the mice whether the first
pulse - falling at different circadian phases in different experiments – was a dawn or a
dusk pulse. I evaluated both the preference for having activity in the dark interval from
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‘dusk’ to ‘dawn’ (the ‘dark night’), or in the dark interval from ‘dawn’ to ‘dusk’ (the
‘dark day’), and also the rate at which they reentrained towards the new skeleton
photoperiod.

METHODS

Mice were individually housed in 25x25x40 cm cages, with food and water ad libitum.
Spontaneous locomotor activity was recorded with running wheels (Ø 14 cm)
connected to an Event Recording System (ERS) storing wheel revolution in 2 minute
intervals. Temperature was maintained at 23 ± 1 °C throughout the entire experiment.
All mice were placed pair wise in 24 compartments of the ACIS (Activity Controlled
Intensity System, see description in chapter 9). Briefly, in each compartment of the
ACIS system test animals can be exposed to any light intensity between 0 and 1500
Lux with a 2 minute temporal resolution. The aperture of a computer controlled
shutter determines the amount of light produced by fluorescent TL tubes (Philips
fluotone TLD85W/83o) to enter each compartment, thereby varying light intensity
without spectral changes. 
In two experiments 32 wild type male C57/BL6 mice were entrained to LD 12:12 for
14 days, followed by entrainment in an LD 0.5:11.5:0.5:11.5 skeleton photoperiod
with rectangular light pulses. In both experiments, all mice had to reentrain to a phase
shifted skeleton photoperiod with 1 hour light pulses, but now always with one light
pulse with a linear increase (0 to 1000 Lux) and one light pulse with a linear decrease
in light intensity (1000 to 0 Lux) per cycle. The dark phase in this skeleton
photoperiod that starts with a light pulse with decreasing light intensity (‘dusk pulse’)
and ends with a light pulse with increasing light intensity (‘dawn pulse’) is hereafter
referred to as the ‘dark night’. The dark phase that starts with a ‘dawn pulse’ and ends
with a ‘dusk pulse’ is referred to as the ‘dark day’ of the skeleton photoperiod.
In the first experiment, 16 mice were exposed to a 4 hour advance in the skeleton
photoperiod, and 16 mice were exposed to a 4 hour delay in the skeleton photoperiod.
In both groups, 8 mice had to shift their active phase into the dark night and 8 mice
had to shift their active phase into the dark day in order to reentrain by a shift of only
4 hours.
In the second experiment, 32 mice had to reentrain to a shift in the Zeitgeber phase of
6 hours. This is symmetrical for phase advances and delays of 6 h each. 16 of the mice
would enter the dark night with their active phase via phase delays, and half of the
mice would do so via phase advances. 
I determined in the first place the qualitative ‘choice’ of the dark night or the dark day
as the interval in which the subjective night (activity) settled. I further determined for
each mouse on each day the onset of activity in order to quantitatively assess the rate
of reentrainment to the new situation. The daily onset of activity was calculated
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around the circular Center Of Gravity (COG) for each circadian activity cycle following
an automatic procedure (see Daan and Oklejewicz, 2003; Spoelstra et al., 2004). This
was done by detecting the first moment where the 1 hour running mean fitted to the
activity data exceeded the average activity level, starting 0.5 τ before the cycle COG.
The daily offset of activity was defined as the last moment at which the 1 hour running
mean in the activity data went below the threshold of the average activity level of the
particular cycle. I used the onset of activity (based on the 1 h running mean) as the
phase marker to measure the phase angle of the circadian system. This has been
shown to be the most precise phase marker in hamsters (Daan and Oklejewicz, 2003),
a conclusion probably valid for mice as well. Onset and offset were determined every
day. 

RESULTS

In both experiments, all 32 mice did entrain well to the initial rectangular 0.5 h light
pulse skeleton photoperiod. In the first experiment, all mice reentrained by shifting
their circadian phase by 4 hours. That means that 8 mice reentrained by a 4 hour delay
into the dark night, 8 mice by a 4 hour delay into the dark day, 8 mice reentrained by a
4 hour advance into the dark night and 8 mice by a 4 hour advance into the dark day
(table 4.1; example actograms in figure 4.1). The average number of days the shift in
locomotor rhythm needed to accomplish 50% of the full phase shift did not differ
statistically between mice that reentrained their active phase into the dark day and into
the dark night. The phase angle during the first 8 days after the shift in the Zeitgeber
signal within the groups of mice reentraining by delay and advance was not statistically
distinguishable (two way repeated measures ANOVA; DF=7; F=1.39; p=0.22, DF=7;
F=0.32; p=0.94, respectively) between the two groups.
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shift into the dark night shift into the dark day

n 50% shift SE n 50% shift SE p value

4 hour shift

delay 8 5.5 0.3 8 6.0 0.4 ns

advance 8 6.1 0.4 8 6.3 0.5 ns

6 hour shift

delay 14 7.1 0.8 14 9.9 1.1 ns

advance 1 10.0 2 6.5 4.9 ns

Table 4.1 Number of mice that reentrain by advance or delay with their active phase into the dark
night or into the dark day and the average number of cycles needed to accomplish 50% of the full
reentrainment shift. 



In the second experiment, 28 out of 32 mice reentrained over 6 hours via delays. 14
ended up with their active phase in the dark night and 14 with their active phase in the
dark day. Three mice reentrained via phase advances, 2 into the dark night and 1 into
the dark day. Data from the remaining mouse could not be used due to equipment
failure. 
Figure 4.2 (A-D) shows examples of actograms of mice reentraining by phase advance
and delay both into the dark day and night. Figure 4.2E shows the average reentrain-
ment pattern of reentrainment by delay. Again, there was no statistical difference
between the average cycle at which both groups had accomplished 50% of the total
time to reentrain. There was a slight but statistically significant difference in phase
angle in the onset of activity during reentrainment. The phase angle of the mice that
reentrained with their active phase into the dark night was larger than the phase angle
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Figure 4.1 A) example of reentrainment by a 4 hour phase advance with the active phase into the
dark day; B) into the dark night; C) average reentrainment pattern (n=8 per group) for
reentrainment into the dark day (closed dots) and into the dark night (open dots); D) example of
reentrainment by a 4 hour phase delay into the dark day; E) into the dark night; F) Average
entrainment pattern (n=8 per group) for reentrainment into the dark night (open dots) and into
the dark day (closed dots); horizontal lines indicate 1 SEM; vertical open bars denote the timing of
the rectangular light pulses before and light pulses with increasing and decreasing light intensity
after the shift in the skeleton photoperiod.



of the mice that reentrained into the dark day (two way repeated measures ANOVA,
DF=11; F=2.00; p=0.03), as though the rate of reentrainment were slightly faster in
the former group. The variance in the onsets of activity of mice that reentrained with
their active phase into the dark night was smaller during the first 12 days of
reentrainment than the variance of those that reentrained into the dark day (paired t-
test, p=0.005).
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DISCUSSION

The results clearly show that there was no bias in the direction of reentrainment by
light pulses with gradually increasing or decreasing light intensity. Both dawn and
dusk pulses appear to generate the same delays at the end of the subjective day, and
the same advances at the end of the subjective night. In the 6 hour reentrainment
paradigm (second experiment) mice were first exposed to a simulated dawn or dusk
light pulse at a circadian phase (Internal Time 0) where the mouse circadian system
responds with a phase delay (Daan and Pittendrigh, 1976a; Spoelstra et al., 2004). The
systems apparently nearly all responded by entering a delaying reentrainment path,
regardless of whether the first pulse simulated dawn or dusk. Therefore the data yield
strong support for Pittendrighs phase resetting theory. The results are also in full
agreement with the conclusions arrived at by Boulos et al (1996c) for Phase Response
Curves in Syrian hamsters recorded for rectangular light pulses in comparison to dawn
and dusk pulses. These were identical except for a circa 1 h reduction in the average
advance phase shift generated by dawn pulses at InT (Internal Time) 01. In another
study by Reebs and Cormier (2001) in Syrian hamsters, no differences could be found
between the effect on circadian phase by dusk and dawn pulses directly after
entrainment. 
A gradual increase and decrease of light is usually considered to mimic a more ‘natural’
light exposure compared to the widely used ‘artificial’ square wave laboratory LD
cycle. As in virtually all animal species, the exact light pattern M. musculus exposes
itself to under natural conditions is not precisely known. Most likely, a mouse will
experience a sharp increase in light as soon as it emerges from its burrow in the
evening, followed by a gradual decrease in light intensity towards the night. In the
morning, mice may perceive a gradual increase in light intensity before retreating into
the darkness of the burrow (Roenneberg and Foster, 1997). The ‘dark night’ in this
study may be the best match for the natural light exposure in the species, although the
light level might have been rather high. Rats with access to nest boxes avoid light
intensities above 1 Lux in 1000 Lux twilight cycles (Terman et al., 1990). 

The shape of different LD cycles has been tested previously for differences in Zeitgeber
strength. Laakso et al (1992) concluded that twilights did not change the overall
rhythmicity of locomotor activity nor the overall pattern of melatonin synthesis in rats.
In contrast, Boulos et al. (2002) could widen the range of entrainment in Syrian
hamsters by LD twilight cycles while gradually increasing and decreasing the T-cycle. A
stronger Zeitgeber signal will most certainly increase the rate of reentrainment. They
found however no evidence for different rates of reentrainment to 8 h shifts in the LD
cycle (Boulos et al., 1996b). In terms of reentrainment rates, the results from the
experiments in the present study are not conclusive. If anything there was a slight
tendency towards somewhat faster reentrainment when the skeleton photoperiod was
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shifted by 6 h, and the mice delayed with activity into the dark night. This may well be
a spurious result, as I did not observe this difference in the first experiment with 4-h
phase shifts, but only under the reentrainment via delays in experiment 2, and then
only when repeated measures ANOVA on daily phases was carried out on, not with
the direct comparison of days till half completion of the phase shift. If there was a
faster initial phase shift in mice reentraining into the dark night this might be due to
the difference in phase angle at which the highest and lowest light intensity of this
first pulse are perceived by the circadian system. The difference would be consistent
with the slightly reduced sensitivity towards dawn pulses in the middle of the
subjective night reported by Boulos et al (Boulos et al., 1996c) for hamsters. These
authors attributed the difference to slow light adaptation to a dawn pulse, and that is a
viable alternative hypothesis. 
Be this as it may, the evidence from several studies now concertedly suggests that - in
spite of quantitative differences between gradual and rectangular light transitions in
entrainment - there is no qualitative distinction by nocturnal rodents between dawn
and dusk as cues to keep their internal subjective night coinciding with the external
night.
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ABSTRACT

Mice mutant for the Clock gene display abnormal circadian behavior characterized by long
circadian periods and a tendency to become rapidly arrhythmic in constant darkness (DD;
Vitaterna et al. 1994). To investigate whether this result is contingent on the absence of light,
we have studied the circadian behavior of homozygous Clock mutant mice under conditions of
both constant light and constant darkness. 14 out of 15 Clock/Clock mice stayed rhythmic in
constant light of 70 – 170 Lux where 10 out of 15 wildtype mice became arrhythmic. In
contrast, only 5 out of 15 Clock/Clock mice and 15 out of 15 wildtype mice remained rhythmic
after 60 cycles when released in continuous darkness (dim red light of <1.5 Lux) after 8 days
of entrainment. The restoration of self-sustained rhythmicity by the clock allele can not be
attributed to reduced sensitivity of the system to light. It underscores the fact that self-
sustainment is not a secure guide to functional organization.



INTRODUCTION

Self-sustained rhythmicity in constant conditions is considered a key functional
property of circadian oscillators (e.g., Pittendrigh 1981). Self-sustainment is however
often restricted to constant darkness (DD) or to low levels of continuous illumination
(LL). In higher light intensities arrhythmicity usually ensues (Aschoff 1960; Daan and
Pittendrigh 1976b). Arrhythmicity of mammalian circadian systems in LL is neither
physiologically nor theoretically well understood. The level-threshold model of Wever
(1966) attributed the phenomenon to the increasing effect of constant light on the
level of a state variable. The recent identification of genes involved in the generation of
mammalian circadian rhythms (King and Takahashi 2000; Lowrey and Takahashi 2000)
makes it possible to clarify how particular gene products might be involved in this
response to constant light conditions. The arrhythmicity response may help unravel
the role of these genes in the circadian clock mechanism. So far there are no studies on
the effect of circadian gene mutations on the behavior of mice in LL. 
The Clock gene in mice encodes a basic helix-loop-helix protein with 2 PAS domains
(bHLH/PAS). The latter may be an important structural feature of a subset of genes
involved in photoreception and circadian rhythmicity. Mutation of the Clock gene has
been reported to interfere with self-sustainment of the circadian activity rhythm
(Vitaterna et al. 1994). Homozygous Clock mutant mice rapidly loose rhythmicity
within 5-15 cycles in DD. Heterozygous mutants retain self-sustainment though with
an extended period length: on average 24.4 hours compared with 23.9 hours in
wildtypes. The rhythmicity of Clock/Clock mice in DD can temporarily be restored by a
6 h light pulse (Vitaterna et al. 1994). The loss of rhythmicity and period alteration in
Clock/Clock mice can be restored by overexpression of the Clock transgene by bacterial
artificial chromosome complementation as well (Antoch et al. 1997), proving Clock to
be an integral component of the circadian system. In chimaeric Clock mice, circadian
behavior spans the range from WT-like phenotype to Clock mutant like phenotype and
the behavioral expression of the mutation is associated with its expansion in the SCN
neuroanatomy (Low-Zeddies and Takahashi 2001).
In this study we address the question whether the interference of the Clock allele with
circadian self-sustainment is contingent on the illumination level in constant
conditions. 

METHODS

We used Clock mutant mice backcrossed to the original wildtype for 9 to 12
generations since the original mutagenesis (Vitaterna et al. 1994). 15 Male
homozygous clock mutant and 15 wildtype C57BL/6J mice (age ~10 months) were
housed individually in 25x25x40 cm cages, with food and water ad libitum.
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Spontaneous locomotor activity was recorded with running wheels (Ø 14 cm)
connected to an Event Recording System (ERS) storing wheel revolutions in 2 minute
intervals. Mice were entrained for 8 days in LD 12:12 and then exposed to constant
light (LL) for 90 days. Animals were placed randomly with respect to light intensity
(125 to 400 mW/m2 at the cage floor level; white fluorescent tube light 36W/85) and
were kept in the same position during the entire course of the experiment. After the
episode in LL, the mice were re-entrained for 8 days to LD 12:12 and subsequently
kept for 90 days in constant dim red light (DD; <2 mW/m2, λmax 773 nm).
Temperature was maintained at 23±1 °C.
The 90 day actograms obtained in constant conditions were split up into 15 day
sections for analysis. Activity data from each section in each individual were subjected
to χ2 periodogram analysis (Sokolove and Bushell 1978) for the assessment of
significant circadian periodicity and determination of period length. 
To test the light sensitivity and phase response of the circadian system of the
Clock/Clock mice, 13 Clock/Clock and 13 wildtype mice in DD were exposed to a 1 h
light pulse of 5600 Lux at InT 20 and 10 days later at InT 4 (We use the notation InT=
Internal time, according to Daan et al (2002): InT runs from 0 to 24 h, with InT 0
being the phase of the rhythm coinciding in an LD cycle with middark, i.e., External
Time ExT 0). The mutant mice were made rhythmic by a prior 6-h light pulse
(Vitaterna et al. 1994) to enable phase shift assessment.

RESULTS

Figure 5.1 shows typical examples of the actograms obtained under LL and DD for one
wildtype and one mutant (Clock/Clock) mouse. Both genotypes did entrain well to LD
12:12. The wildtype mouse in figure 1B shows robust circadian locomotor activity in
DD whereas it loses rhythmicity gradually in LL (Figure 5.1A). The actograms in
figure 5.1c and 1d are plotted on a 29 h time base, as the Clock/Clock mice displayed
much slower rhythmicity in both LL and DD. In DD the mutant mouse lost
rhythmicity around day 28 (Fig. 5.1D) as described before (Vitaterna et al. 1994).
Surprisingly, however, its circadian system remained fully rhythmic throughout the 90
days in LL (Fig. 5.1C). 
The numbers of mice with significant circadian rhythms according to χ2 periodogram
analysis during the initial 15 days and the final 15 days in LL and DD are shown along
with their corresponding period lengths in table 5.1. After 75 days in LL, most (12 out
of 14) Clock/Clock mice still displayed self-sustained circadian rhythmicity, while only
5 out of 15 wildtype mice had discernible circadian rhythms (χ2 = 8.19; p<0.01). After
75 days in DD, significantly fewer Clock/Clock mice remained rhythmic (χ2 = 11.63;
p<0.005) compared to wildtype mice (5 out of 15 Clock/Clock vs. 14 out of 15
wildtype). 
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Figure 5.1 Actograms  of  a wildtype mouse  in LL (A) and in DD (C; same individual)  and a
Clock/Clock mouse in LL (B) and DD (D; same individual). In each record, the initial 8 days of
entrainment to LD 12:12 are followed by 90 days LL or DD. Actograms are double plotted on 24 h
time basis in wildtype, on a 29 h time basis in Clock/Clock mice.



The average period length of Clock/Clock mice in DD was 29.4 ± 0.4 h,
indistinguishable from the period length in LL (29.4 ± 0.5 h). wildtype Mice in DD
had a period length of 24.0 ± 0.2 h, significantly different from the period length in LL
(25.3 ± 0.3 h; p<0.001). The initial period length of wildtype mice that became
arrhythmic in LL was significantly longer than the initial period length of wildtype
mice that remained rhythmic throughout the entire 90 days in LL (p<0.001).
In both genotypes wheel running activity was strongly reduced in LL compared to DD
but in LL Clock/Clock mice were significantly (p<0.01) more active than wildtype mice.
Average activity of wildtype mice in DD decreased to ~60% of the activity in LD,
compared to a decrease to ~30% in Clock/Clock mice (p<0.05). 
A light pulse at InT 4 evoked a phase advance in both genotypes. In Clock/Clock mice
the average advance shift (8.4 ± 2.7 h) was significantly larger than in wildtype mice
(1.2 ± 1.0 h, two sample t-test; p<0.005). A light pulse at InT 20 resulted in an
average phase delay of 1.6 ± 0.8 h in wildtype, and a delay of 2.7 ± 1.6 h in
Clock/Clock mice (two sample t-test; p<0.05, fig 5.2).
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+/+ Clock/Clock

period length rhythmic period length rhythmic test mean
mean sd n mean sd n p value

LD 23.9 0.00 15 23.9 0.08 14 ns

LL (1-15) 25.5 1.03 10 30.3 0.48 10 <0.001

LL (75-90) 25.1 0.35 5 28.5 2.86 12 <0.001

LD 23.9 0.02 15 23.9 0.13 15 ns

DD (1-15) 24.0 0.20 15 29.1 0.21 14 0.000

DD (75-90) 24.0 0.17 14 30.0 1.19 5 0.000

test period length LL - DD <0.001 ns

Activity mean sd n mean sd n
# wheel revolutions

LD 4419 2014.4 15 4375 2142.3 14 ns

LL (1-15) 408 304.9 15 538 424.7 15 ns

LL (75-90) 55 38.3 15 153 120.5 15 <0.01

LD 4842 1734.8 15 2898 1210.1 15 <0.01

DD (1-15) 3748 1735.2 15 2892 1462.1 15 ns

DD (75-90) 2723 2561.8 15 1245 706.2 15 <0.05

Table 5.1 Rhythmicity, circadian period length, and amount of daily activity of Clock/Clock and +/+
mice. LD = light:dark, LL= constant light, DD= constant darkness. In the upper half of the table, n
indicates the number of rhythmic animals (according to chi-square periodogram analysis) out of
15. The last column indicates p values for differences between means of wild-type and Clock mutant
mice.



DISCUSSION

The data reported here unambiguously show that the Clock allele produced by
mutagenesis (Vitaterna et al. 1994) does not interfere with the expression of self-
sustained rhythmicity under all conditions. While it does lead to loss of circadian
rhythmicity in homozygous mutants in constant darkness (DD), it actually rescues
self-sustained rhythmicity in constant light (LL), where the circadian system of
wildtype mice tends to become arrhythmic.
The first question one might ask with respect to behavioral arrhythmicity is whether it
reflects an arrhythmic pacemaker, or a rhythmic pacemaker losing its control over the
behavioral pattern. In short, is arrhythmicity evoked by alterations in the core
oscillator or in the clock-controlled output? From recent work by Nakamura et al
(2002) we know that individual neurons in SCN organotypic slices, as well as
dispersed cell cultures derived from Clock/Clock mice retain their circadian rhythmicity
in spike frequency, along with the altered circadian cycle length. This means that the
circadian machinery itself is not stopped at the cellular level by the mutation. It does
not exclude the possibility that the pacemaker as a whole has lost circadian self-
sustainment by interference with the mutual coupling of the individual neurons. Thus
under the central hypothesis, pacemaker arrhythmia may be attributed to suppressed
neuronal coupling (between Clock/Clock neurons), under the peripheral hypothesis for
instance to suppressed rhythmicity of a key pacemaker output factor such as
vasopressin, or altered transcription of DBP (Ripperger et al. 2000; Yamaguchi et al.
2000). Although it is too early to distinguish between the possibilities of core
oscillator versus output arrhythmicity, light intensity clearly must differentially affect
the mechanism leading to arrhythmicity in wild-type and clock mutant pacemakers.
Mutant CLOCK protein from the dominant-negative Clock allele can form hetero-
dimers with BMAL1 that bind to DNA but fail to activate direct transcription of mper1
(Gekakis et al. 1998). This might suggest that the activation of mper1 transcription is
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not crucial for the maintenance of rhythmicity in LL. According to Shearman and
Weaver (1999), photic induction of Per gene expression, although still present, is
quantitatively reduced in Clock/Clock mice. This may reduce sensitivity of the circadian
system to light, since basal levels of mPer gene expression in the dark are unaffected
by the mutation, as other clock genes (e.g. mCry1 and mCry2) do show lower basal
expression levels (Kume et al. 1999). One might therefore hypothesize that the
restoration of self-sustained rhythmicity in LL by the Clock mutation is attributable to
a loss of sensitivity to light compared to the wildtype circadian system. There are
several arguments against this proposition. First, light pulses against a DD background
are able to restore circadian rhythmicity temporarily in homozygous mutants
(Vitaterna et al. 1994). Secondly, Clock/Clock mice that are made rhythmic in DD by
such strong light stimuli, and subsequently exposed to a light pulse of 5600 lux for 1 h
at InT 20 and InT 4 show large phase delays and advances respectively, actually larger
than wildtype mice (fig 5.2). This is consistent with similar previous findings by Low-
Zeddies and Takahashi (2001). Thirdly, the initial period length of Clock/Clock mice is
increased in LL compared to DD. All these facts are incompatible with the idea that
the clock mutation has lost sensitivity to light, as is the very difference in the incidence
of arrhythmicity between DD and LL. 
Roenneberg and Foster (1997) have raised the possibility that the Clock phenotype
results from a defect in a gene that mimics the effect of constant bright light on the
clock, rather than a defect in the clock itself. This now seems unlikely since the genetic
defect counteracts rather than reinforces the effect constant light has on wildtype mice.
Hence, we have to consider other mechanisms to explain the different responses of
clock mutant and wild type mice to LL. One possibility is that suppression of rhythmic-
ity in wild type mice is attributable to the strong suppression of behavioral activity.
Possibly, the degree of self-sustainment of the central pacemaker is partly dependent
on feedback from activity. In homozygous Clock mutants overall activity is suppressed
by LL to a lesser extent than in wildtype mice. In this respect it is also of interest that
behavioral activation during the subjective day induces opposite phase shifts in
Clock/+ mice compared to those in wild-type individuals (Challet et al. 2000).
Whatever the mechanism leading to the rescue of sustained circadian rhythmicity in
constant light by the Clock mutation is, it highlights an important functional
consideration. Circadian self-sustainment in itself is apparently not a reliable guide to
selective advantage in natural selection. Self-sustainment may vary between conditions
and between intact and genetically modified pacemakers. Its occurrence may provide
us with cues about the mechanism; it will not always discriminate between fully
functional and functionally inferior biological clocks.
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ABSTRACT

The phase resetting properties of the circadian system in mice with a functional deletion in
either mCry1, mCry2, mPer1 or mPer2 were studied in two experiments. In experiment 1 mCry1-/-

and mCry2-/- mice as well as mPer1Brdm1 and mPer2Brdm1 mutant mice were exposed to 15 minute
light pulses during the first cycle following entrainment, either early (ExT20) or late (ExT4) in
the subjective night. In experiment 2 a full PRC was measured for all these strains by exposure
to light pulses of the same duration and intensity in freerunning conditions in constant
darkness. Directly after entrainment (experiment 1), mPer1Brdm1 animals did not show
significant phase advances by a light pulse in the late subjective night (ExT4), as in the study
by Albrecht et al. (2001). In the same experiment mPer2Brdm1 mice became arrhythmic too
frequently to reliably measure their phase responses. Mice with a targeted gene disruption in
mCry1 or mCry2 showed increased phase delays compared to wildtype after exposure to a light
pulse in the early subjective night (ExT20). Otherwise, phase shifts were not significantly
affected. In freerun (experiment 2), all genotypes did show phase advances and phase delays.
mPer2Brdm1 mutant PRC was above the mPer1Brdm1 mutant and wildtype PRC (i.e., less delayed
and more advanced) at most circadian phases. The mPer1Brdm1 mutant PRC was not
distinguishable from the wildtype PRC. mCry2-/- mice showed much smaller phase delays than
mCry1-/- mice in the subjective evening (delay phase). In general, mPer2Brdm1 mutant mice were
more accelerated by light compared to mPer1Brdm1 and wildtype control mice, whereas mCry1-/-

mice were more delayed by light than mCry2-/- mice.



INTRODUCTION

The notion that the circadian pacemaker in nocturnal rodents is built upon two
components with opposite responses to light has a long history (Pittendrigh and Daan
1976c; Ilnerová and Vanecek 1982; Wehr 1997). This hypothesis gained new interest
when Jagota et al. (2000) demonstrated that at the physiological level there are indeed
two subsystems in the SCN that respond differentially to changing daylength. Together
with the dual nature of the genetic make-up of the molecular mechanism these
findings led Daan et al. (Daan et al. 2001) to postulate two genetic components in the
core mechanism. They derived a series of predictions on the behavior in rodent
systems where one or the other component has been genetically deleted. According to
the hypothesis, Cry1 and Per1 are involved in a component of the system that is
accelerated by light, and decelerated in darkness, where the Per2 and Cry2 gene are
involved in a component that is decelerated by light and accelerated by darkness.
These properties were expected to be phenotypically reflected in freerun in DD, in
constant light, and in phase responses of the circadian system by light pulses in mice
with a functional deletion in either of these genes.
The hypothesis was partly inspired by and based on a study by Albrecht et al. (2001)
who demonstrated absence of phase advances in mPer1 mutant mice and absence of
phase delays and increased phase advances in mPer2 mutant mice after exposure to
light pulses early (Zeitgeber Time ZT 14) and late (ZT 22) in the subjective night,
respectively. These light pulses were applied just after entrainment in a so-called type
II protocol (Aschoff 1965). In such a protocol the phase prior to the light pulse is
derived from the rhythm under LD conditions and hence subject to masking
influences, while there is no masking in the freerun after the light pulse. This may
affect the measurement of the phase shift. In addition, different circadian genotypes
may have systematically deviating phase angle differences with the LD cycle. It is
therefore desirable to evaluate the phase shifts relative to an unpulsed control
experiment, and obtain a precise quantitative evaluation of the shift. In this study, this
protocol has been applied (in experiment 1) to mCry1-/- and mCry2-/- mice and
simultaneously, in a repeat of Albrecht et al.’s (2001) work, to mPer1Brdm1 and
mPer2Brdm1 mice. 
Suppression by a genetic disturbance of the induction of either phase delays or phase
advances by light pulses given at two time points in the cycle does not prove that all
phase delays or advances are suppressed. Such suppression might in fact also be
interpreted as resulting from a shift in the PRC relative to the zeitgeber as expected if
the circadian period is affected. Therefore, we obtained in addition a full PRC in a
freerunning situation under constant darkness (DD), a type I protocol (Aschoff 1965).
This was done in experiment 2 in all genotypes (except wildtype with the same
background as mCry1-/- and mCry2-/-) with light pulses of the same duration and
intensity as in experiment 1. The results prove that all four genotypes retain the
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capacity for both advancing and delaying responses to light pulses, while at the same
time revealing interesting differences between the genotypes in resetting behavior.

METHODS

The mCry1-/-, mCry2-/-, mPer1Brdm1 and mPer2Brdm1 mice have been described previously
(van der Horst et al. 1999; Zheng et al. 1999). They were generated in a hybrid
C57BL/6 x 129ola (mCry mice) and C57BL/6 x 129 SvEvBrd genetic background (mPer
mice). Animals were housed individually in 25x25x40 cm cages, with food and water
ad libitum in a sound-attenuated and climatized room with 90 cages. Spontaneous
locomotor activity was recorded with running wheels (Ø 14 cm) connected to an Event
Recording System (ERS) storing wheel revolutions in 2 minute intervals. Temperature
was maintained at 23 ± 1 °C throughout the two experiments.

Experiment 1: Phase responses in entrainment.
90 Mice, all males (age 1 - 2 months), were used in the study: 15 homozygous mCry1
(mCry1-/-) mutant mice, 15 homozygous mCry2 mutant mice (mCry2-/-; van der Horst
et al. 1999), 15 wildtype mice with the same background as the mCry mutant mice, 15
mPer mutant mice (mPer1Brdm1), 15 mPer2 mutant mice (mPer2Brdm1; Zheng et al. 1999)
and 15 wildtype mice with the same background as the mPer mutant mice. The
experiment was designed to repeat the study by Albrecht et al. (2001) on phase shifts
in response to light pulses immediately following entrainment by an LD 12:12 cycle in
the mPerBrdm1 mutant mice, while simultaneously expanding the analysis to the mCry
gene targeted mutant mice. 
All mice were entrained for 14 days in LD 12:12. They were then released into
constant darkness (DD) except for a light pulse presented in the first cycle during the
subjective night at External Time ExT20 (which in LD 12:12 equals Zeitgeber Time
ZT14, see Daan et al., 2002). This was followed by 14 days of freerun in DD. The
procedure was repeated once with a light pulse at ExT4 (ZT22) and once without a
light pulse. This last treatment was done in order to assess the initial phase in a
control situation after the transition from LD to DD. All light pulses had a duration of
15’ and intensity of 480 Lux (700 mW/m2 at the cage floor level; white fluorescent
tube light 36W/85). All cages had equal distance to their light source, light pulse
intensity was checked for all cages to deviate no more than ± 140 Lux (200 mW/m2)
at the cage floor level. 

Experiment 2: Phase responses in freerun
75 Mice, all males (age 1 – 2 months), were used in the study: 15 homozygous mCry1-/-

mice, 15 homozygous mCry2-/- mice, 15 homozygous mPer1Brdm1 mice, 15 homozygous
mPer2Brdm1 mice and 15 wildtype mice with the same background as the mPer mutant
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mice. At the time we did this experiment, we had insufficient wildtype mice with the
appropriate background for the mCry mutant mice available, and therefore mCry-/- mice
results can only be compared between the mCry1-/- and mCry2-/- strains. All mice were
entrained for 14 days in LD 12:12 and then left in constant darkness (DD) for 176
days, interrupted only by brief light pulses with equal duration (15’) and intensity
(480 Lux) as in experiment 1, followed by 12 days of freerun. Due to the slight
intraindividual variations in circadian period length within each genotype and
subsequent differences in phase shifts by consecutive light pulses, the light pulses
eventually became spread over the entire circadian cycle allowing the construction of a
full phase response curve for each of the five genotypes. All mPer1Brdm1, mCry1-/- and
mCry2-/- mice were exposed to 11 light pulses. mPer2Brdm1 mice in our lab often become
arrhythmic in constant darkness, although rhythmicity may recur spontaneously
following a light pulse. Thereby this strain initially yielded insufficient data for the
reconstruction of a complete PRC. The experiment was therefore extended with
another batch of 30 mPer2Brdm1 mice that were exposed to 4 additional light pulses.

Analysis
For both experiments, phase shifts were calculated by applying a new quantitative
computation method. This method uses custom designed software, as specified in
detail in the appendix. Briefly, what the software package does is calculate the phase of
the circadian activity rhythm (in Internal Time InT) at exactly the time of the light
pulse on the basis of forward extrapolation from the rhythm during cycles –10 till –1
(before the light pulse). Then it calculates the phase at that time again on the basis of
backward extrapolation from the rhythm during cycles 3 till 12 (after the light pulse).
The difference between the two computed phases at exactly the same time at the onset
of the light pulse is the actual phase shift. It is given a positive sign (advance) when
the second phase calculation yields a smaller phase angle than the first. It is given a
negative sign (delay) when the second phase calculation yields a larger phase angle
than the first. Activity data from the first 48 hours after each light pulse were omitted
to avoid potential transient τ values evoked by the light pulse. 
The two phase angles are calculated by first determining the period before (τ1) and
after (τ2) the light pulse through periodogram analysis, and by defining different phase
markers on the wave form of the time series stacked with these periods. Activity onset
was the most precise phase marker as is usual in running wheel data (see Daan and
Oklejewicz 2003) and was used for phase definition. Activity onset was defined as InT
(Internal Time) 18.
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RESULTS

Experiment 1
The first experiment was designed to establish the phase shift induced by a 15’ light
pulse at two different phases in the first cycle following entrainment to an LD 12:12
cycle. The protocol was an exact copy of the protocol used by Albrecht et al. (2001)
and is known as a type II protocol (Aschoff 1965; Mrosovsky 1996). The phase at the
time of the light pulse is assessed by extrapolation from the (entrained) rhythm before
the light pulse and back-extrapolation from the (freerunning) rhythm after the pulse. 
The difficulty with this protocol is that the activity onset under entrainment is affected
by masking, and thereby tends to occur at a later circadian phase than the activity
onset in the subsequent freerunning situation (see Figure 6.1). This is potentially
different between genotypes, since mutations of circadian genes tend to elicit different
freerunning periods and hence different phase angles in entrainment (Figure 6.2). To
accommodate this difference we also analyzed a release into freerun without a
preceding light pulse, as was done also by Albrecht et al (2001). 
The phase shifts obtained in this protocol were thus defined as the intraindividual
differences in phase during freerun following the light pulse and the phase without a
light pulse. This procedure did lead to loss of data when animals in the latter control
situation became arrhythmic - as often happened in mPer2Brdm1 (Oster et al. 2002) -
and no phase could be established. Examples of behavioral shifts are presented in
actograms in figure 6.3; the resulting average phase shifts for the mCry genotypes are
plotted in figure 6.4. 
In response to the light pulse at ExT20 mPer1Brdm1 mice did show a small average delay
phase shift of -1.2 h (s.e.m. 1.1 h). The advance phase shift following a light pulse at
ExT 4 was on average 0.5 h (s.e.m. 0.3 h). These shifts were not significantly different
from zero. They are therefore not in disagreement with the data presented by Albrecht
et al (2001). Since our analysis required individual mice to have clear rhythmic
behavior both with and without a light pulse, we could not collect sufficient data for
mPer2Brdm1 mice in experiment 1 due to its frequent arrhythmicity. 
When released in DD after entrainment, both mCry1-/- and mCry2-/- mice did show a
considerable average phase advance without light pulses. The average advances in both
mCry1-/- and mCry2-/- mice were larger than in wildtype (One way ANOVA on ranks;
H=12.0; df=2; p<0.005). After exposure to a light pulse at ExT20, wildtype mice
exhibited a normal and significant delay. Both mCry1-/- and mCry2-/- mice did show
considerable delays after this light pulse, larger than wildtype mice (One way ANOVA,
F=8.3; DF=2; p=0.001) with both mCry1-/- and mCry2-/- significantly different from
wildtype (Tukey Test, p<0.05; p<0.05). Delays in mCry1-/- and mCry2-/- mice were
statistically not distinguishable from each other. When exposed to a light pulse at
ExT4, mCry1-/- and mCry2-/- mice both showed small average phase advances similar to
and not significantly different from those in wildtype mice. 
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Experiment 2
In total 139 phase shifts could be measured in DD in wildtype mice (background
similar to that of the mPer mutants), 79 in mPer1Brdm1, 71 in mPer2Brdm1, 86 in mCry1-/-

and 98 in mCry2-/- animals. Examples of phase shifts in all genotypes are presented in
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Figure 6.1 Application of an advancing light pulse in the subjective morning in a type-II protocol
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and relative to prior lights off (∆ϕ’) yields different values when mice start activity before lights off.



figure 6.5. Phase shifts were excluded if (1) the peak ∆Qp value obtained by
periodogram analysis (Sokolove and Bushell 1978; ∆Qp is the value for Q at the peak
minus the corresponding 0.1% significance value) was smaller than zero for the
circadian activity rhythms either before or after a light pulse, and (2) if one of the
onsets before or after the light pulse were fitted in obvious disagreement with visual
inspection of the actogram. This occurred for instance when rhythms were ultradian
and the positive ∆Qp value was due to a sub harmonic. It could also be caused by
obvious pattern changes. Criterion (2) excluded 19 shifts in mPer1Brdm1, 22 shifts in
mPer2Brdm1, 9 shifts in wildtype, 17 shifts in mCry1-/- and 15 shifts in mCry2-/- mice. 

Rhythmicity in DD
mPer2Brdm1 yielded the smallest number of phase shifts, in spite of the extension of the
study for this strain. This is again due to the fact that these mice often become
arrhythmic in DD (Zheng et al. 1999; Oster et al. 2002). Arrhythmicity often started
after a light pulse and could also suddenly disappear after another light pulse (fig. 6.5,
right mPer2Brdm1 actograms). We analyzed whether the distribution (see fig. 6.6A) over
the circadian cycle of light pulses that were followed by arrhythmicity differed from
random. Responses (binary data) were transformed by the logit link function and
analyzed assuming a binomial error distribution on the individual level. We tested in
MLwin 1.1 (Bryk and Raudenbusch, 1993) in a two level model using individual
responses whether there was heterogeneity with respect to phase. Second order
penalized quasilikelihood estimation was used (Goldstein, 1995); there was no bias
towards a particular phase for light pulses followed by arrhythmicity (Walt statistic χ2

test; p=0.32). 
In addition we analyzed whether light pulses presented to arrhythmic mPer2Brdm1mice
that became rhythmic immediately after a light pulse (n=96) were concentrated
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∆ϕ

Figure 6.4 Average phase shifts ± 1 s.e.m. directly after entrainment in mCry mutant mice. Phase
shifts are calculated based on activity onset and intraindividually corrected for the spontaneous
phase shift after transition from L:D 12:12 to DD. Upper graph: no light pulse given; Middle graph:
light pulse starting 2 h after last lights-off (ExT 20); Bottom graph: light pulse starting 10 h after
last lights-off (ExT 4). Significant differences from wild type are denoted by asterisks.



around a particular phase of the new rhythm. Figure 6.6B demonstrates that these new
phases concentrate around InT 13.8. This concentration is decidedly different from a
random distribution (χ2 test; p<0.001). Hence the pacemaker apparently spontaneous-
ly can resume self-sustained DD motion after a light pulse around this circadian phase.
In freerun in DD, circadian period lengths measured in between the light pulses were
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WT (Per) Per1
Brdm1

Per2
Brdm1

12 18 24 6

ExT (h)

12 18 24 6 6 12 18 24

Figure 6.3A
Examples of phase shifts after transition from L:D 12:12 to DD (upper row); with an additional 15’
480 Lux light pulse at ExT20 (middle row) and at ExT4 (bottom row) in different genotypes. Gray
indicates darkness; light pulses are denoted by open squares. 



on average 23.5±0.2 h in mPer1Brdm1 mice, i.e., not significantly different from wildtype
(23.5±0.1 h); 22.7±0.1 h in mPer2Brdm1 mice (significantly shorter than in wildtype, t-
test, p<0.001). The average period was 21.7±0.1 h in mCry1-/- mice, significantly
shorter than in mCry2-/- mice (25.1±0.1 h, t-test, p<0.001), in agreement with the
results of van der Horst et al. (1999). 
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Phase response curves
To obtain a quantitative comparison of the PRC’s among the genotypes, we first
combined data in 12 bins of 2 circadian hours width, and calculated the average phase
shift per 2-h phase bin for each strain. These data are plotted, along with the standard
errors of the means, in figure 6.7. The first conclusion from this figure is that all
genotypes apparently are capable of both phase advances and phase delays, although
the amplitude of the advance section of the PRC’s tends to be smaller than that of the
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WT (Per)

- 23.6 h -

Per1
Brdm1

- 23.2 h -

Per2
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- 22.9 h -

- 23.5 h - - 23.4 h - - 22.8 h -

Figure 6.5A
Examples of phase delays (upper row) and phase advances (lower row) in running wheel behavior
in freerun in DD in mutant mice, as result of a 15’ 480 Lux light pulse (indicated by open squares).
Left mPer2Brdm1 actograms: arrhythmicity after exposure to a light pulse (upper actogram) and
rhythmicity after exposure to a light pulse in a formerly arrhythmic mouse. Activity patterns are



delay section. The wildtype PRC corresponds reasonably well with the PRC published
for 15' light pulses in C57Bl6 mice by Daan and Pittendrigh (1976a). In the
quantitative detail there are differences. 
The PRC for mPer2Brdm1 appears to show larger advances and smaller delays than the
mPer1Brdm1 mutant and wildtype mice, while delays in mCry2-/- on average are smaller
than in mCry1-/- mutant mice. We tested the general differences first in ANOVA's on the
basis of all 12 bins (table 6.1) and then in 3 groups of 4 bins, roughly representing the
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Delay zone (InT 18-02), the Advance zone (InT 02-10) and the Dead zone (InT 10-18).
In a two-way ANOVA test, the overall mPer2Brdm1 PRC is significantly above the
mPer1Brdm1 PRC and the wildtype PRC, and the mCry-/- PRC is significantly below the
mCry2-/- PRC. When the PRC’s are tested in three sections, a delay section (InT18 –
InT2), an advance section (InT2 – InT10) and in the dead zone section (InT10 –
InT18), significant differences remain present between mPer2Brdm1 and wildtype mice
in the advance and delay section. The average delay in mCry2-/- was highly significant
above the average in mCry1-/- mice (table 6.1). Significant differences in other sections
between different genotypes within strains are absent. 
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Figure 6.6 A. Frequency distribution of circadian phases of light pulses in mPer2Brdm1 mice that
became arrhythmic directly after light exposure. B. Frequency distribution of circadian phases
calculated backwards for the time of the light pulse in mPer2Brdm1 mice that were arrhythmic before
and regained rhythmicity directly after light exposure.
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starting in a two-hour interval of circadian phase (Internal Time, defined by InT 18 = activity
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size for each genotype for each bin.



DISCUSSION

mPer mutants
The results for light pulses presented to mPer1Brdm1 immediately after entrainment in
either the early part or the late part of the subjective night (experiment 1) are not
different from the results reported by Albrecht et al. (2001) carried out in the same
type II protocol (Aschoff 1965). Our data for mPer2Brdm1 mice turned out to be far too
few as a consequence of the frequent arrhythmicity in this strain in DD (Zheng et al.
1999; Oster et al. 2002), that often occurred either in the pulse or in the control
situation. Thus, we can neither refute nor firmly confirm the observations by Albrecht
et al. (2001) of suppressed delay responses to light in mPer2 mutant mice. 
The full PRC’s of mPer1Brdm1 and mPer2Brdm1 show that both genotypes indeed can
exhibit both phase advances and phase delays. The mPer1Brdm1 PRC is in fact virtually
on top of the wildtype PRC in the phase delay area, and there are no significant
differences between these two strains anywhere in the cycle. The difference in
response to an ExT4 light pulse in the data of Albrecht et al (2001) is not reflected in
the full PRC’s. This difference is possibly due to different protocols. Differences
between LD and DD in the phase relationship between gene expression patterns and
locomotor activity, and also between individual neurons in the SCN have been
demonstrated by Quintero et al. (2003). A difference in phase relationship might still
be present in vivo in the first cycles after transition from LD to DD, where light pulses
in the type II protocol are administered.
Statistical comparison (Table 6.1) shows that the PRC’s of the two mPmPerer genotypes
differ in the direction of the observations by Albrecht et al. (2001), with more advances
in mPer2Brdm1 mice. The differences in the amplitude of phase shifts from the data from
Albrecht et al. (2001) may be attributable to the two different protocols, even if such
protocol differences between Aschoff ’s type I and type II protocols have not been
observed for nonphotic stimuli to hamsters (Mrosovsky 1996). A difference between
responses in the two protocols may be evoked by the light exposure during entrainment
in the type II protocol that may reduce the amplitude of the phase shift. It has long
been known that entrainment increases the amplitude of the oscillator (‘resonance’)
and simultaneously reduces the amplitude of the phase shift in response to standard
pulses, such that there is slow dark adaptation (Winfree 1972; Refinetti 2003).
It is of importance to note that the mPer2Brdm1 strain, although showing smaller delay
shifts, is surely not insensitive to light. On the contrary, the mPer2 mutants frequently
responded to light pulses with immediate complete arrhythmia, and this effect did not
depend on the circadian phase at the time of light exposure. On the other hand, brief
light pulses given to arrhythmic animals were often followed by a spontaneous return
of rhythmicity. This is reminiscent of the induction of rhythmicity by longer light
pulses described in clock mutant mice (Vitaterna et al. 1994; Spoelstra et al. 2002).
Apparently, the homozygous clock and per2 mutant share lability of the circadian
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system in DD and the stabilizing response to single brief light exposures. In mPer2Brdm1

the returning circadian rhythm started from around circadian phase InT 13.8 in the
majority of cases. In the clock mutant this has not been investigated.
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mCry mutants
The phase delays observed in mCry1-/- and mCry2-/- after entrainment (experiment 1)
were significantly larger than in wildtype. This is possibly related to the fact that
without a light pulse both showed a significantly earlier phase than wildtype (Figure
6.4). Thereby the light pulse aimed at ExT20 may have hit the circadian system at a
slightly later phase than in wildtype. The difference attests to the difficulty in using the
type II protocol for PRC studies. The small phase advances following light pulses at
ExT4 were not affected by the phase difference, possibly because around this phase
there are less steep changes in the PRC. The genotypic differences in PRC’s are more
completely reflected in freerun (experiment 2). There were particularly distinct differ-
ences in the phase delays produced in mCry mutant mice in the delay phase between
InT 18 and InT 02. This was fully due to strong and highly significant suppression of
the phase delay shifts in mCry2-/- , at least when compared to mCry1-/-(table 6.1). 

Conclusion
Taken together, phase responses are more positive and/or less negative in mPer2- than
in mPer1- mutants, and the same is true of mCry2- compared to mCry1-mutants. This
means that mPer2- and mCry2- mutant circadian systems are more accelerated and/or
less decelerated by light, than mPer2- and mCry2- mutants, respectively. At cursory
inspection, these results seem to qualitatively fit with the predictions generated from
the molecular 2-component model for rodent circadian systems (Daan et al. 2001).
However, that model made more specific predictions concerning the difference from
wildtype. A difference from wildtype has so far been found only in the mPer2 mutant.
This mutant has dominant other characteristics, such as the tendency to become
arrhythmic in DD, which may be related to the deviant PRC. Therefore we have to be
careful in interpreting the results as supporting the 2-component hypothesis. More
work is needed employing different protocols to arrive at a firm conclusion in this
respect. Be this as it may, the data demonstrate clearly that all mutant strains retain
both advancing and delaying responses. All can be expected to entrain to both longer
and shorter T’s, as observed by Bae and Weaver (2003) for Per mutants although the
ranges of entrainment may show only partial overlap. 
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APPENDIX

Assessing phase shifts from automatically collected data in a standardized, automated
way has always been a complicated issue. To calculate accurate phase shifts in a
standardized way, proper phase markers are of utmost importance. Usually, phase
markers are detected for each individual cycle in an entrained or freerunning rhythm.
In freerun, the circadian system reverts to its original steady state after the light pulse.
Phase shifts are assessed by drawing lines (regression or eye fitted) trough consecutive
phase markers for freeruns before and after a light pulse. Although inter-observer
consistency in eye fitting procedures (Pittendrigh and Daan 1976a) has often been
considered to support the precision of the procedure, this does not mean that the
procedure is also accurate. To obtain an objective measure of phase shift, we developed
an automatic means of phase calculation where phase markers before and after a light
pulse are based on all circadian cycles. The software that performs these calculations
will be made available by the first author on request. The calculations proceed in 4
steps:
Step 1. The program first calculates the period length of the activity rhythm before (τ1)
and after the light pulse (τ2). This is done by running a periodogram analysis
(Sokolove and Bushell 1978) on all activity data starting from 10 days before the light
pulse till the time the light pulse starts, and again on all activity data from 2 days till
12 days after the light pulse. Data from the first 2 days after the light pulse are omitted
to exclude transient cycles. All calculations described are based on these two time
windows. 
Step 2. The circadian activity pattern before and after the light pulse is averaged over τ1

and τ2 , respectively. This is done by averaging the activity values with a distance equal
to a multiple of τ in τ/(sample interval) tallies, the first tally starting with the first
sample of the data range (see figure 8). 
Step 3. The program calculates the (circular) center of gravity in each of the two
average activity patterns. It then searches the first time interval where the activity
count exceeds the average value of all tallies, starting 0.5* τ prior to the center point of
gravity. The offset of activity is detected in the same way, but then by going backwards
in time starting 0.5* τ after the center point of gravity. The program can be instructed
to carry out this procedure on either the raw data or on running means over adjustable
time windows. In the analyses in this article we always used 1-h running means.
Step 4. The detected phase markers are projected on the actogram (see figure 6.8). The
straight lines denote onsets, the medium dashed lines denote the center points of
gravity, the dashed lines denote the offsets of activity. The actual phase shift is defined
as the difference between the phase angle at the time of the light pulse calculated on
the basis of the onset of activity before (ϕ1) and after the light pulse (ϕ2). The Internal
Time of ϕ1 and ϕ2 are calculated as follows:
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Figure 6.8 The automatic phase shift calculation method. Actogram of running wheel activity data
plotted on basis of the average of τ before (τ1) and τ after (τ2) the light pulse. Data omitted to
avoid effects of transient tau values are plotted in grey. The open circle indicates the light pulse.
Upper and lower graph: average activity pattern before and after the light pulse, respectively.
Straight lines denote onset of activity, medium dashed lines denote circular center of gravity,
dashed lines denote offset of activity. The grey arrow indicates the actual phase shift.



ϕ1 = (((t- 0ns1)mod τ1) * 24/τ1 + 18)mod24hours(InT)
ϕ2 = (((t- 0ns2)mod τ2) * 24/τ2 + 18)mod24hours(InT)

where:
tLP = time of exposure to the Light pulse;

ons1 = moment of onset derived from the average activity pattern before
the light pulse;

ons2 = moment of onset derived from the average activity pattern after
the light pulse.

With these two phase angles of the light pulse the actual phase shift is calculated:
∆ϕ = ϕ2 - ϕ1 (Circadian hours)
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ABSTRACT

The oscillating properties of the mammalian circadian system are generated by a molecular
mechanism that involves the clock genes mPer1, mPer2, mCry1, and mCry2. Entrainment of the
circadian system and its property to follow daylength are mediated by light input, but the
precise mechanisms are still under debate. Light induced phase shifts of the circadian system
are accompanied by induction of the c-Fos gene in the suprachiasmatic nucleus (SCN, the
circadian pacemaker). Here we examine the role of the mammalian Per and Cry genes by
means of c-Fos expression in genetically modified mice after entrainment to a light-dark cycle
and in continuous dim light. Under continuous dim light, light induced c-Fos expression in
mCry1-/- and mCry2-/- mice is about half that of wild type controls, and in mPer2Brdm1 mice, but
not in mPer1Brdm1 mice, it is almost absent. Results after entrainment differed from continuous
dim light in both mCry strains, but not in the mPer strains. Quantification of melanopsin
containing ganglion cells and rod outer segment length in retinae of these mice revealed no
differences that can be related to observed differences in light induced c-Fos in the SCN. This
suggests that observed variation in light response between these genotypes is not driven by
retinal photoreceptor density, but is likely to be an intrinsic property of the SCN. The SCN
specific function in light response regulation of the analysed mCry and mPer genes is discussed
in the frame work of the dual oscillator hypothesis (Evening Morning oscillator).



Introduction

The molecular basis of circadian oscillations in mammals is an auto-regulatory
feedback mechanism, involving circadian clock genes mPeriod1 and mPeriod2
(respectively mPer1 and mPer2; Albrecht et al. 1997; Shearman et al. 1997)
mCryptochrome1 and mCryptochrome2 (respectively mCry1 and mCry2; Kume et al.
1999; Van der Horst et al. 1999). The proteins derived from these genes elicit a
negative feedback signal suppressing their own transcription (Hastings et al. 1999;
Zheng et al. 1999; Shearman et al. 2000; Nuesslein-Hildesheim et al. 2000; Reppert &
Weaver 2001; Zheng et al. 2001). Light responses of the circadian system (behavioural
phase shifts, c-Fos induction, Per induction) are limited to the subjective night (Daan &
Pittendrigh 1976; Pittendrigh & Daan 1976a; Rea 1989; Rusak et al. 1990; Kornhauser
et al. 1990). From this ‘circadian gating’ it can be deduced that the circadian system
regulates its own responses to light. The molecular mechanisms behind this gating are
largely unknown. The differential role of the Per and Cry genes has been studied by
behavioural phase shifts in knock-out mouse strains (Albrecht et al. 1997; Albrecht et
al. 2001; Cermakian et al. 2001; Bae et al. 2001; Zheng et al. 2001; Bae & Weaver
2003; Spoelstra et al. 2004). The overall conclusion from these studies is that self-
regulation of the clock’s light response is generally altered when the functionality of
one of the clock genes is abolished. Behavioural phase shifts in Per deficient mice have
been studied by Albrecht et al. (2001) and Spoelstra et al. (2004). In different designs
(during free-running conditions and after entrained conditions; respectively Aschoff
type 1 and Aschoff type 2 experiments) both studies showed a reduced ability to phase
delay in the early subjective night in Per2 mutants, and a reduced ability to phase
advance in the late subjective night in Per1 mutants. It remains unclear whether this
effect is the result of Per gene function within the cells of the main circadian
pacemaker (suprachiasmatic nucleus, SCN), or in the input pathway to the SCN. 
To study the function of the different Per and Cry genes in the circadian light response
and its temporal gating, we used light induced c-Fos expression in the SCN. This
immediate early gene is known to be induced by light in the SCN at those phases of
the circadian rhythm where phase shifts of the behavioural activity rhythm can be
elicited by light stimulation. Moreover, when mRNA translation is blocked by local
application of c-Fos anti-sense oligonucleotides, behavioural phase shifts are also
attenuated (Wollnik et al. 1995). Correlations between light induced c-Fos expression
and behavioural phase shifts exist when stimulations of different duration and
intensity are compared at a single phase of the rhythm (Rea 1989; Rusak et al. 1990;
Kornhauser et al. 1990; Rea et al. 1993a; Rea et al. 1993b; Dkhissi-Benyahya et al.
2000). It thus provides a trace of the light effects to the core oscillator of the mammalian
circadian system. 
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MATERIAL AND METHODS

Animals
The mouse strains used in this study originated from the laboratory of U.Albrecht,
Fribourg, Switzerland (mPer1Brdm1, mPer2Brdm1, and their corresponding wild type strain,
mPerWT; Zheng et al. 1999; Zheng et al. 2001) and from the laboratory of G.T.J. van der
Horst, Rotterdam, the Netherlands (mCry1-/-, mCry2-/-, and their corresponding wild
type strain, mCryWT; Van der Horst et al. 1999). They were inbred for 3-4 generations at
the laboratory of Behavioural Biology, Groningen, the Netherlands. Mice were kept in
the breeding colony (LD 14:10; 50-200 lux; temperature 20-22°C) until 3-12 months of
age. Thereafter, they were kept in a climate controlled experimental room (ambient
temperature 19.7-20.3°C) at lighting conditions as explained below. Pain and
discomfort in the animals used in this study was minimized by the application of gas
anaesthetic (halothane). Experiments were carried out in accordance with the
European Communities Council Directive of 24 November 1986 (86/609/EEC) and
were approved by the ethical comittee of the university of Groningen (DEC# 2595).

Light pulses in free run (Aschoff’s type I protocol)
Adult male mice (Per genotypes: average age 218 days SD=86 days; Cry genotypes:
Average age=136 days SD=33 days) were individually kept in running wheel cages
under LD 12:12 (500 ± 10 lux at cage level) for 14 days followed by continuous dim
red light conditions (dim:dim; <1 lux) for 3-4 days in the case of mPer deficient mice
and 7-10 days in the case of mCry deficient mice. Running wheel activity was recorded
continuously in 2 min intervals and analysed no more than 24 h before the light
stimulations started. Timing of individual light stimulations was calculated relative to
the onset of activity (defined as Internal Time 18: InT18) on the day of stimulation,
taking into account the circadian period of each individual. Individual circadian periods
were estimated using 3-4 activity onsets prior to the day of stimulation (Aschoff 1965).

Light pulses following entrainment (Aschoff’s type II protocol)
Adult male mice (average age 202 days SD=85 days) were stimulated in the second
cycle following entrainment (Aschoff type II; Aschoff 1965), by a 15 minute light pulse
at External Time ExT20 (ZT14) and ExT4 (ZT22) . All animals were kept under a 12 h
light : 12 h dark cycle for 10 days with food (Hopefarms rodent pellets) and normal tap
water available ad libitum. During the LD cycle light was provided by fluorescent tube
lights, with light intensities between 100-300 lux at the level of the cage. The time at
which the lights would normally go on was defined as ExT6 (beginning of the
subjective day) and stimulations at ExT20 and ExT4 occurred respectively 14 and 22 h
after this time point. In total there were 12 groups of mice: mPer1Brdm1, mPer2Brdm1, and
mPerWT stimulated at ExT20 (n=6 per group); mPer1Brdm1, mPer2Brdm1, and mPerWT

stimulated at ExT4 (n=6 per group); and two dark controls for each of these groups. 
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Light stimulation and perfusion protocol
In the light stimulation apparatus (for details see: Dkhissi-Benyahya et al. 2000; Rieux
et al. 2001) 500 nm monochromatic light was applied by using a collimated light source
(24 V / 150 W, Tungsten-halogen; Osram) in combination with an infrared filter and an
interference filter (half band width in apparatus = 9.34 nm; P10-500-S; Corion,
Franklin, MA, USA). The irradiance level was chosen to be slightly above the half
saturation value for light induced c-Fos expression at 500nm in C57bl mice (C. Rieux
personal communication), using a neutral density filter (8x; A154; Cokin). 1.5 Hours
after the onset of the light stimulation, mice were killed by an overdose of halothane in
combination with 0.2 ml i.m. injection of 0.2% sodium-pentobarbital. Dark controls
were treated identically, except that the light source was not switched on during the
stimulation period. Within 5 min after the overdose application mice were trans-
cardially perfused with saline (S) for 4 minutes followed by a 15 min fixative perfusion
(3.4% paraformaldehyde and 15% picric acid in 0.1M phosphate buffer (PB)). After
perfusion, the heads were placed in the same fixative for 48 h at 5°C for post-fixation
after which they were stored in PBS with 0.1% sodium-azide (A) at 4°C for one week. 

Immunocytochemical staining protocol and optical density analyses
Brains were dissected and the brain region containing the suprachiasmatic nucleus
(SCN) was sectioned in 40mm sections on a freezing microtome at -20°C. 24 sections
around the region of the SCN were collected and every second section was used for
immunocytochemical staining of the FOS protein, yielding 5-7 SCN containing
sections stained per animal. Free-floating sections were treated with 50% ethanol in
saline with 0.03% H2O2 to suppress all endogenous peroxidase activity, rinsed with
PBS and pre-incubated with 1.5% normal goat serum (NGS) for 3 h. They were
incubated with the primary anti-FOS anti-body (1:20,000; Ab-5 rabbit antiserum,
oncogene research products, Calbiochem, La Jolla, DA, USA) in PBSA with 0.3% triton
(T) for 68 h at 4°C. After rinsing with PBST, sections were incubated with a
biotinylated goat-antirabbit antibody (1:200; Jackson ImmunoResearch Laboratories,
Inc. West Grave PA, USA) in 1% NGS for 2 h at 20°C and, after rinsing with PBST, the
sections were incubated with a Avidin-Biotin complex (1:100, ABC-kit Vector
laboratories, Burlingame, CA, USA) for 2 hours. After thoroughly rinsing with Tris
buffer (0.05 M; pH 7.6) the protein-antibody complex was visualized with 0.02%
3,3=-diaminobenzidine (DAB) as a chromogen in Tris buffer (0.05 M; pH 7.6) with
0.5% ammonium-nickel sulphate and H2O2 (300 µl; 1%) for initializing the staining
reaction. All free-floating sections were stained in one reaction bath with a total
volume of 700 ml for a total reaction time of 23 min. After staining sections rinsed in
Tris buffer, mounted, and glass covered for microscopy. 
Optical density analyses were performed using a cooled camera (Photonic Science)
mounted on a Leitz Aristoplan microscope with a 10x objective. Light levels were
adjusted to standardize non-specific background staining intensity. Optical density
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(OD) for each SCN section was calculated by image software and integrated optical
density for each individual was calculated as the sum of all optical densities for that
individual (Rieux et al. 2001).

Arginine-Vasopressin counterstaining
In order to link light induced c-Fos expression to different sub-regions of the SCN, we
immunostained alternating sections for Arginine-Vasopressin (AVP). This neuro-
peptide is considered to be a marker for the shell area of the SCN (Silver et al. 1996;
Leak et al. 1999; Moore et al. 2002), responsible for the production of output factors
to the rest of the brain. Non-stained SCN tissue of one coronal section in the middle of
the SCN was marked as the core area of the SCN. For the AVP immunocytochemial
staining procedure we used a similar protocol as mentioned above, using a polyclonal
primary antibody raised against mouse AVP (Dr. A. Tessonneaud, university of Tours,
France).

Retina staining
Cell counting of melanopsin positive retinal ganglion cells was performed on sections
from the eyes of perfused mice (see above). After perfusion the eyes were immediately
dissected and post-fixed for 24 h with 4% PFA in PBSA at 4°C followed by 24 h in 30%
sucrose in PBSA before sectioning. Best staining results were obtained when storage
duration after post-fixation was kept to a minimum. The eyes were sectioned either at
20 µm or 40 µm sections and while all sections were collected and stained, only
sections from the mid region of the eye were analysed. 40 µm sections were immuno-
cytochemically stained in a protocol similar as described above, but using polyclonal
mouse melanopsin anti-body UF007 (1:5.000; a generous gift from Dr. I. Provencio)
with a biotinylated anti-rabbit secondary antibody (Jackson Immuno-Research
laboratories, West Grove PA, USA). Melanopsin positive cells were visualised by Ni-
DAB oxidation reaction. Melanopsin positive cells were counted in 5-15 full intact
retinal sections around the mid-region of the eye using a 10x40 magnification
microscope. The thickness of the retinal outer segment layer was revealed in 20 µm
sections stained with standard cresyl-violet staining (0.5%) for 3 min. The outer
segment layer was measured using 10x40 magnification in combination with
calibrated camera lucida sketches at 5 position along the retinal section: one central,
two peripheral (+90º and -90º), and two intermediate (+45º and -45º). These
measures were averaged per section and section averages were averaged over 10-20
sections per individual. 

Statistical procedures
Data obtained from Aschoff type II experiments (entrained conditions) had to be log
transformed before they could be tested in parametric ANOVA tests because of non-
normality within, and variance differences between different experimental groups.
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Post-hoc analysis test (Least Significant Difference test) was subsequently performed
to indicate which group means significantly differed from each other. Data obtained
from Aschoff type I experiments (free running conditions) were not binned to the
aimed time of sacrificing, but instead harmonic regression analyses was performed
using the actual circadian time at which each individual animal was sacrificed.
Harmonic regression was used to statistically detect rhythmicity in light induced c-Fos
expression over the circadian cycle and calculate its wave form by using a fundamental
sine function with the addition of significant harmonics. Also differences between
groups were evaluated by linear harmonic regression models (Hut et al. 2005
submitted). Anatomical quantifications obtained in retinal tissue was tested using
ANOVA tests.

RESULTS

mPer1 and mPer2 deficient mice
In the studies following entrainment (Aschoff type II), we found the lowest levels of
FOS-labelling in the dark controls (Fig.7.1). Within the light stimulated animals at
ExT20, there was a significant inter-group variation among all group means (Fig.7.1
left panel; p=0.0001): The mPer2Brdm1 animals had lower SCN-FOS labelling than
mPer1Brdm1 animals, which in turn had lower levels of labelling than mPerWT animals, as
indicated by post-hoc testing. Within the animals stimulated at ExT4, the group means
also varied significantly (Fig.7.1 right panel; p=0.0014). Post-hoc comparisons showed
that this difference can be attributed to the low levels of labelling in the mPer2Brdm1

animals, whereas mPer1Brdm1 do not differ significantly from mPer2WT animals at this
time point.
In the free run protocol (Aschoff type I) the animals were released in continuous dim
red light and their onset of activity, rather than the onset of the dark phase, served as
the reference marker for ExT18 . These results corroborated the results obtained in the
entrainment protocol with mPer2Brdm1 showing a strongly reduced light induced c-Fos
expression at all time points in the late subjective night in comparison with their wild
type controls (Fig.7.2). mPer1Brdm1 were very similar compared to their wild type
controls, with only a slight non-significant reduction in their induced c-Fos expression
around InT3 (Fig.7.2). This follows the trend found in the entrainment protocol,
except that the significant reduction of c-Fos expression at ExT20 in mPer1Brdm1 mice
was not confirmed in the free run data (Fig.7.1 vs. Fig.7.2).
In order to show the sub-SCN localisation of the light induced c-Fos expression we
used AVP counter staining in alternating slices to define the borders of the core and
the shell region of the SCN (Silver et al. 1996; Leak et al. 1999; Moore et al. 2002).
This showed no deviation from the expected result that most of the light induced SCN
c-Fos expression is confined to the non-AVP stained core region of the SCN (Fig.7.3).
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mCry1 and mCry2 deficient mice
Under entrained conditions (Aschoff type II) the mCry knock out mice may show
reduced c-Fos staining after a light pulse depending on the phase of the stimulation.
The results show a remarkable difference between both mCry genes. mCry2 ablation
reduces c-Fos expression at ExT20 (p = 0.0037), but not at ExT4, while mCry1 ablation
reduces c-Fos expression at ExT4 (p = 0.0024), but not at ExT20 (Fig.7.4).
In conditions of free run (Aschoff type I) light induced c-Fos expression in the SCN
showed a similar reduction in mCry1-/- and mCry2-/- mice when compared with the
wild type control strain (Fig. 7.5). No differential effects of the mCry genes were found
in the phasing of FOS staining in the SCN of these mice. The reduction relative to the
wild type strain was only significant around the late subjective night.
Sub-SCN localisation of light induced c-Fos expression was quantified for one SCN
section. Harmonic regression curves fitted to these data show the majority of c-Fos
induction took place in the core (i.e. non AVP immunoreactive area) of the SCN
(Fig.7.6). Data presented in figures 7.3 (Per genotypes) and 7.6 (Cry genotypes) were
obtained from brain sections stained in one batch (identical reagentia solutions) and
are therefore comparable with each eachother. 
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Figure 7.1 Light induced c-Fos expression in the SCN at ExT20 and ExT4 following entrainment.
Average dark control integrated optical density (IOD) levels (c) were typically lower than the light
stimulated groups (s; T-test on log transformed data: T=-5.73; df=46; p<0.00001). Within the
stimulated animals at ExT20 the mPer1Brdm1, mPer2Brdm1, and mPerWT groups differed significantly
from each other (ANOVA on log transformed IOD’s: F2,17=17.7; p=0.0001). Post-hoc testing
revealed three distinct groups. Within the stimulated animals at ExT4 the mPer1Brdm1, mPer2Brdm1,
and mPerWT groups differed significantly (ANOVA on log transformed IOD’s: F2,17=10.5;
p=0.0014). Post-hoc testing showed that SCN-c-Fos induction in mPer2Brdm1 was significantly lower
than mPer1Brdm1 and mPerWT mice.
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Figure 7.3 Localisation of light induced c-Fos expression in sub-regions of the SCN. Integrated
optical densities for core (solid line) and shell (dashed line). Optical densities were measured in
core (corresponding to the AVP stained SCN area in a subsequent section) and shell
(corresponding to the AVP unstained SCN area in a subsequent section) areas of a coronal section,
taken from the rostral-caudal middle region of the SCN. Most of the light induced c-Fos expression
takes place in the core area of the SCN in all three genotypes.
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Figure 7.2 Light induced c-Fos expression in the SCN throughout the circadian cycle measured in
free running conditions . Harmonic regression curves determined following Hut et al (Hut et al.
2005) with SE ranges for Per1Brdm1 (left graph continuous curve), Per2Brdm1 (right graph, continuous
curve), and their wild-type control mice (dashed curves). Harmonic regressions: Per1Brdm1 single sine
wave: r2=0.57, F2,24=15.78, p=4.10-5; Per2Brdm1 single sine wave: r2=0.26, F2,27=4.64, p=0.02;
PerWT single sine wave + 1st harmonic: r2=0.67, F4,28=14.26, p=0.009.Time frames where curves
showed significant differences were identified by post-hoc testing (least significant difference test;
LSD) and indicated by straight horizontal line.  SCN c-Fos induction was limited to the late
subjective night / early subjective morning (InT20 - InT8). Overall SCN c-Fos induction pattern in
Per1Brdm1 mice did not differ from PerWT (Per1Brdm1 vs. PerWT: F3,52=0.24, p=0.86). Overall SCN c-Fos
induction pattern in Per2Brdm1 differed from PerWT mice (Per2Brdm1 vs. PerWT: F3,55=21.44, p=3.10-9)
and was found to be significantly lower during the late subjective night (LSD post-hoc test).



Representative examples of FOS stained coronal sections of the SCN in mice
stimulated around InT 24 (middle of the subjective night) indicate more labelling in
the core area of the SCN in all genotypes. Reduced FOS labelling is visible in mCry1-/-

and mCry2-/- mice. Strongest reduction in label intensity is shown in mPer2Brdm1

animals over the complete light sensitive phase.

Photoreceptor quantification
Retinal anatomy was evaluated in terms of number of melanopsin containing retinal
ganglion cells per section per individual, and in terms of thickness of the outer
segment layer averaged over 5 different positions per retinal section (Fig.7.8). Number
of melanopsin positive cells per retinal section was not significantly different between
the mCry genotypes (Fig.7.8 left panel: F2,11=0.48; p=0.6325). Also between the mPer
genotypes no significant statistical difference was found (Fig.7.8 left panel: F2,9=0.38;
p = 0.6970). Outer segment layer width did not differ among the mCry genotypes
(Fig.7.8 right panel: F2,12=2.01; p=0.1843), and not among the mPer genotypes
(Fig.7.8 right panel: F2,7=0.41; p=0.6869).
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Figure 7.4 Light induced c-Fos expression in the SCN at ExT20 and ExT4 following entrainment.
Average dark control IOD levels (c) were typically lower than the light stimulated groups (s; T-test
on log transformed data: T=-5.41; df=38; p<0.00001). Within the stimulated animals at ExT20
the mCry1-/-, mCry2-/-, and mCryWT groups differed significantly (ANOVA on log transformed IOD’s:
F2,11=11.1; p=0.0037). Post-hoc testing showed that SCN-c-Fos induction mCry2-/- was significantly
lower than in mCry1-/-, and mCryWT mice. Within the stimulated animals at ExT4 the mCry1-/-,
mCry2-/-, and mCryWT groups differed significantly (ANOVA on log transformed IOD’s: F2,11=12.7;
p=0.0024). Post-hoc testing showed that SCN-c-Fos induction in mCry1-/- was significantly lower
than mCry2-/- and mCryWT mice.
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Figure 7.5 Light induced c-Fos expression in the SCN throughout the circadian cycle measured in
an Aschoff type 1 protocol. Harmonic regression curves with SE ranges for mCry1-/- (left graph
continuous curve),  mCry2-/- (right graph, continuous curve), and their wild-type control mice
(dashed curves). Harmonic regressions: mCry1-/- single sine wave: r2=0.67, F2,25=23.36, p=3.10-6;
mCry2-/- single sine wave + 1st harmonic: r2=0.79, F4,23=17.44, p=4.10-6; mCryWT single sine wave:
r2=0.64, F2,23=18.87, p=2.10-5. SCN c-Fos induction was limited to the second half of the
subjective night  (InT20 – InT8). Time frames where curves showed significant differences were
identified by post-hoc testing (least significant difference test; LSD) and indicated by straight
horizontal line.  Overall SCN c-Fos induction pattern in mCry1-/- and mCry2-/- mice differed from
mCryWT mice (mCry1-/- vs. mCryWT: F3,44=5.785, p=0.002; mCry2-/- vs. mCryWT: F5,40=4.019,
p=0.005) and was found to be significantly lower during the subjective night (LSD post-hoc test).
mCry1-/- did not differ significantly from mCry2-/- mice in a combined model without the wild type
mice (mCry1-/- vs. mCry2-/-: F3,42=0.619, p=0.607).
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Figure 7.6 Localisation of light induced c-Fos expression in sub-regions of the SCN inmCry1-/-,
mCry2-/-, and mCryWT. Integrated optical densities for core (solid line) and shell (dashed line).
Optical densities were measured in core (corresponding to the AVP stained SCN area in a
subsequent section) and shell (corresponding to the AVP unstained SCN area in a subsequent
section) areas of a coronal section, taken from the rostral-caudal middle region of the SCN. Most of
the light induced c-Fos expression takes place in the core area of the SCN in all three genotypes.
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Figure 7.7 Photomicrographs showing immunocytochemical DAB staining of FOS protein in SCN
section of representative mPerWT, mPer1Brdm1, mPer2Brdm1, mCryWT, mCry1-/-, and  mCry2-/- animals
around ExT24 (mid subjective night). Scale bar = 100µm.



Discussion

Light induced c-Fos expression in the SCN is generally confined to the subjective night
(Rusak et al. 1990; Kornhauser et al. 1990), as are phase shifts of the circadian system.
The response is apparently gated by the circadian system itself. This study suggests
that single clock genes may have a function in the amplitude of the response in
addition to its gating. Light stimulation of the circadian system in mPer mutant mouse
strains showed a general reduction of light induced c-Fos expression in the SCN of
mPer2Brdm1 (Fig.7.1, Fig. 7.2) mice. The mPer2Brdm1 mice differ in this reduction from
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Figure 7.8 Photoreceptor quantification. Number of melanopsin positive retinal ganglion cells per
40µm retinal section (lower left panel) and width of outer segment layer (lower right panel)
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section indicating stained by cresyl violet to visualise the different retinal layers: PE, pigment
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the mPer1Brdm1 mice, that only showed a slight or non-significant reduction in light
response at ExT20 (fig.7.1) and InT20 (fig. 7.2). These results are similar to previously
described light induced c-Fos expression in mPer1-/- mice (Cermakian et al. 2001) and
indicate a major role for mPer2, and no role for mPer1, in the regulation of light
induced c-Fos expression in the mouse SCN. 
The results in the mCry strains are more difficult to interpret because of a major
difference between the results obtained under entrained and free running conditions.
Under free running conditions both mCry1-/- and mCry2-/- have reduced c-Fos induction
by light in the SCN. In this experiment no indication was found for differential
function for the two mammalian Cryptochrome genes in the regulation of light
responses in the circadian system. The results for the mCry knock out strains under
entrained conditions did not corroborate the results obtained under free running
conditions. Under entrained conditions mCry2 deficiency reduces c-Fos light response
in the SCN in the early subjective night, while mCry1 deficiency reduces c-Fos
expression in the late subjective night. 

Possible mechanisms
So far it is not clear how light induced c-Fos expression in the SCN should be inter-
preted. Light induction of c-Fos may indicate a general activation of light responsive
clock genes in the SCN, but the role of the FOS protein itself to accomplish phase
shifts in the circadian system remains under debate.
Both mPer1 and mPer2 seem to have only a minor effect on the phasing of the activity
rhythm under light entrained conditions (Spoelstra et al. 2004). Hence, only minor
effects on the gating of light induced c-Fos expression in the SCN by the ablation of
either the mPer1 or the mPer2 gene are expected. Indeed, the c-Fos induction curves in
figure 7.2 indicate a minor effect of the Per genes on the phasing of the induction
window for c-Fos expression over the circadian cycle. Instead, there is a reduced
response over the entire cycle when the mPer2 gene is dysfunctional. This could be
accomplished by two possible mechanisms. Either the mPer2 gene affects how the
neurons in the core of the SCN respond to the incoming neurotransmitter signals, or
the mPer2 gene affects the production of the neurotransmitter signals to the SCN. In
the first case the mPer2 function in the light response pathway should be mainly
within SCN cells. The elevated levels of glutame found in the brain of mPer2Brdm1 mice
(Spanagel et al. 2005) may explain the reduced c-Fos responses in the SCN to
glutamate release from the retino-hypothalamic projection observed here. The
alternative explaination can be that the mPer2 function should be mainly within cells
that are located in the retina, possibly (but not exclusively) in the photoreceptor cells
that project to the SCN. These photoreceptors are now identified as melanopsin
containing ganglion cells (Provencio et al. 1998: Provencio et al. 2002; Panda et al.
2002b; Hattar et al. 2003) as well as rods and cones. Anatomical quantification of
number of melanopsin positive retinal ganglion cells showed no difference between

Light induced SCN-c-Fos in PRC’s in Per or Cry mutant mice 

81



the different mPer or mCry genotypes used in this study. Also the thickness of the
outer segment layer did not reveal any difference between the different mPer or mCry
genotypes. It is important to note that the thickness of the outer segment layer in mice
is dominated by the length of the rod outer segments. In this study we did not take
any measure in account that can be related to cone abundance or anatomy. Baring this
caveat in mind, we can suggest that differences in light induced c-Fos expression in the
SCN are not evidently related to anatomical differences in the retina, suggesting that
they may reflect a property of the SCN itself.

Relation to EM model
The control of the mammalian activity rhythm by a system of two oscillators with
differential responses to light causing one, the morning oscillator (M) to lock on to
dawn, and the other , the evening oscillator (E) to lock on to dusk was postulated 30
years ago (Pittendrigh and Daan 1976c). These oscillators have been proposed to be
associated with the Per1 and Cry1 genes on the one hand (M) and the Per2 and Cry2
genes on the other hand (E) (Daan et al. 2001). An alternative to this dual EM
oscillator model is a single molecular feedback loop model (Nuesslein-Hildesheim et
al. 2000; Hastings 2001; Reppert and Weaver 2001) where light responsiveness of
mPer genes and the lack of light responsiveness of mCry genes induce changes in the
phase relation of mPer and mCry expression as a result of changing day length. This
alternative model makes no distinction between the two sets of mPer and mCry genes
(mPer1 and mPer2; mCry1 and mCry2) while this functional distinction is essential to
the molecular EM model of Daan and co-workers (2001)
We did not find a difference between mCry1-/- and mCry2-/- in the regulation of SCN
light response when the mice had been exposed to free running conditions (Aschoff
type I protocol). This would be difficult to interpret in terms of a molecular EM model
with distinct function for mCry1 and mCry2. We do find a strong amplitude difference
in circadian light response regulation between mPer1 and mPer2 mutant strains under
free running conditions (fig.7.2). However, there was no effect on the phase of the
light response as predicted by the EM model. 
Albrecht et al. (2001) and Spoelstra et al. (2004) studied circadian phase shift
responses to light in mPer1 and mPer2 mutant mice using white light at an intensity of
500 lux. Their results indicate decreased phase advances in mPer1 deficient mice and
decreased phase delays in mPer2 deficient mice. Overall their results can be interpreted
in terms of an E oscillator function for mPer2 and an M oscillator function for mPer1.
When relating their results to the present study, it is important to realize that the
photic input in the present study was monochromatic and effectively at much lower
photon flux (half saturation levels of 500 nm monochromatic light). Behavioural phase
shifting paradigms in other Per mutant mouse strains have yielded relatively normal
phase shifting behaviour (Bae and Weaver 2003 in mPer1 and mPer2 deficient strains;
Cermakian et al. 2001 in mPer1) have found no difference in phase shifting light
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response with wild types. The latter two studies, however, do not specify the
illumination intensity used and can therefore perhaps only be interpreted as a maximal
possible response obtainable in these strains. It is therefore conceivable that a complete
description of a molecular-genetically EM function for clock genes can only be obtained
by collecting full dose response curves using a variety of spectral light compositions.
Under entrained conditions (experiment 2) the cFos response in the mCry-/- mice
seems to be consistent with the EM model: in the late subjective night (ExT 4) the
mCry2-/- mice respond to light whereas the mCry1-/- mice do not, and in the early
subjective night (ExT 20) the reverse is found. The results obtained in the mPer
deficient mice seem to corroborate the results obtained under free running conditions:
mPer2 mutant mice have an overall reduced light response both in the morning (ExT
4) and in the evening (ExT 20), whereas the mPer1 mutant mice have similar
responses as their wild type controls. 
The difference found between entrained and free running conditions in the mCry
deficient mice is not easily explained. Under entrained conditions the circadian system
of mCry1-/- mice may have such a positive phase angle relative to the LD cycle that the
dead zone appears already in the early morning. Similarly, the mCry2-/- mice may have
such a lagging phase angle that the dead zone is shifted to the evening. This does not
seem a satisfactory explanation since behavioural phase angle differences under exactly
the same entraining light conditions did not exceed 0.5 h (Spoelstra et al. 2004). It is
possible that light conditions during entrainment change the phasing of light response
properties of the circadian system (Daan and Pittendrigh 1976a). A differential role for
mCry1 and mCry2 in circadian light response processes may perhaps be only revealed
during entrained conditions. The importance of this finding is not trivial since the
circadian system has evolved to be functional under entrained conditions, and Aschoff
type II like experiments may therefore be most relevant for our understanding of the
functionality of the circadian system. The discrepancy between entrainment and free
running protocols in assessing both phase shifts and immediate early gene expression
has so far received far too little attention. 

Acknowledgments
We are very grateful to dr. I.Provencio (Naval Hospital, Bethesda, USA) sending us the
melanopsin anti-body, and to dr. A.Tessonneaud (university of Tours, France) for
sending us the AVP anti-body, W. de Vanssay for her excellent laboratory assistance,
and M.Y. Huizinga for her excellent animal care. This project was funded by INSERM
Poste-Vert (MMO, HMC, RAH), NWO-INSERM Van Gogh collaboration grant
#02769RK (SD, HMC, RAH), EC Marie Curie postdoctoral fellow grant #QLK4-CT-
1999-51420 and NWO-veni grant (RAH), and EC grant BrainTime (SD, GTJH, UA).

Light induced SCN-c-Fos in PRC’s in Per or Cry mutant mice 

83



84



85

Photoperiod and the expression of
circadian activity patterns in mice lacking
functional Per or Cry genes

K. Spoelstra, G. J. F. Overkamp, and S. Daan  

8

ABSTRACT

The adjustment of daily activity time to the varying length of the day in diurnal animals and of
the night in nocturnal creatures has been one of the main functions originally attributed to the
putative dual oscillator structure of circadian pacemakers in mammals. The theory proposes an
oscillatory component M that accelerates in response to light and thereby follows dawn
(Morning), and a component E that decelerates in response to light and locks on to dusk
(Evening). In this article we test whether the function is compromised in mice where one of
the oscillators is hypothetically made dysfunctional by a genetic manipulation. We exposed
mouse strains to changing "skeleton photoperiods", composed of two light pulses at varying
intervals (PPs) in the 24 hours to find out whether activity time α became compressed into the
shortened dark intervals. Wildtype mice clearly demonstrate this systematic compression of α.
The answer for mice with genetic manipulation of genes belonging to the central clock
machinery in the suprachiasmatic nucleus is ambiguous. mCry2-/- knockouts did show α
compression, refuting the proposition that mCry2 is required exclusively for one of the
oscillators.  In contrast, mCry1-/- knockouts did not show α compression, which is consistent
with the idea that mCry1 is needed exclusively for one of the oscillators. The per mutants used
had rhythms too sloppy for the analysis of α, except for one mPer2Brdm1 mutant, which again
did not show any sign of α compression. A firm conclusion awaits further experiments with
more precise mper mutants.



INTRODUCTION

The daily timing of animal behaviour is largely based upon endogenous circadian
programs. These programs evolved to match the daily cycle outside that is generated by
the earth’s rotation. The period of this external cycle, 24 hours, is identical and
unchanging everywhere on earth. Yet the pattern of day and night is highly variable
between latitudes and between seasons. The endogenously generated program will only
make sense if it is tuned to the latitude and season where and when the animal lives.
Circadian pacemakers, that are largely responsible for the generation of these programs,
can reflect the prior photoperiodic history the animal has been exposed to. This is for
instance known for the melatonin production in sparrow pineals (Brandstätter et al.
2000) and in the spontaneous expression of cFOS protein in the rat SCN (Sumová et al.
1998). The molecular machinery that allows the pacemakers to tune their output to
the photoperiod outside is of major interest from a functional point of view. 
A persistent hypothesis on this issue has been Pittendrigh’s idea that the pacemaking
machinery consists of two components which tend to phase-lock to dawn and to dusk
as the daylength changes in the course of the year. These are then supposed to control
the beginning and end of the daily activity, such that these vary in the course of the
year in tune with sunrise and sunset. The model was originally proposed for activity in
small rodents (Pittendrigh and Daan 1976d), and was subsequently expanded to the
control of melatonin profiles in mammals (Ilnerová 1986) including humans (Wehr et
al. 2001). In a specific concrete form of the hypothesis the dawn- and dusk-
components have been associated with the mammalian genes Per1/Cry1 and
Per2/Cry2, respectively (Daan et al. 2001). The two components may either be active
within individual rhythmic circadian neurons (pacers) in the SCN, or they may be
distributed over different cells, as was recently observed in Drosophila (Stoleru et al.
2004; Grima et al. 2004; Yoshii et al. 2004).
The hypothesis predicts that in the absence of essential components from the pace-
making system, the endogenous circadian program should remain entrained, but no
longer adaptively follow the external day and night as in intact animals. This adjust-
ment is observed in wildtype animals by the compression and decompression of the
daily activity time α (Pittendrigh and Daan 1976c). In nocturnal rodents as the night
shortens the endogenously generated a shortens. Hence we expect that mice missing
either the dawn or the dusk component should not show such compression. We
decided to test this prediction in mice where one of the genes Per1, Per2, Cry1 or Cry2
are knocked out or rendered non-functional, since these genes have been implicated as
essential elements in either the dawn or the dusk component (Daan et al. 2001). 
The assay of a compression under the influence of daylength is complicated by the
masking influence of light. Since light tends to suppress activity of nocturnal rodents
under short nights a may appear shorter than under long nights by the direct sup-
pression of activity in light, even if the endogenous activity program has remained

Chapter 8

86



unchanged. This problem is largely avoided by studying a compression under skeleton
photoperiods, where only two brief light pulses representing dawn and dusk are
presented. Pittendrigh and Daan (1976b) have reported for Peromyscus leucopus and
Mesocricetus auratus that under a gradually shortening skeleton night these species
compress a. To a limited extent such compression would be predicted on the basis of
the phase response curve as the first pulse may delay the onset of activity and the
second pulse may advance its end, such that the time in between is less than in
constant darkness. However, compression went much further than predicted from the
PRC’s of Peromyscus leucopus and Mesocricetus auratus alone before the activity would
“jump over” to the longer dark interval, suggesting that indeed the internal program
codes for the length of the night interval (Pittendrigh and Daan 1976b). Building on
the same experimental approach we have now subjected mice (Mus musculus) with
functional deletions of part of their clock machinery to a long sequence of changing
skeleton photoperiods. Here we report how their daily activity times (a) respond to
these changes.

METHODS

Male mice with functional deletions of Cry1, Cry2, Per1, and Per2, respectively (15 per
genotype) and wildtype control mice (15 per strain) were used. The generation of
mCry1-/-, mCry2-/- mPer1Brdm1, mPer2Brdm1 has been described by van der Horst et al.
(1999) and Zheng et al. (2001b), respectively. All mice were housed individually in 25
x 25 x 40 cm cages, with food and water ad libitum, in a sound attenuated climatized
room, at a temperature of 23 ± 1 °C. Locomotor activity was recorded with a running
wheel (Ø 14 cm) in each cage, connected to an event recording system storing the
number of wheel revolutions in two minute intervals. All cages were placed at equal
distance to the light source (white fluorescent tube light 36W/85) and received 480 ±
140 Lux (700 ± 200 mW/m2) at the cage floor level. All mice were entrained to LD
12:12 for 14 days, followed consecutively by LD 8:16 for 14 days, LD 4:20 for 14 days,
and LD 2:22 for 32 days. The duration of the night was always symmetrically
lengthened when photoperiod was changed. After 32 days in LD 2:22, the 2 hours of
light were substituted by two separate 15 minute light pulses (skeleton photoperiod
PPs 2) with 1.5 hours of darkness in between. Every 14 days, the duration of the
skeleton photoperiod was increased by 2 hours, i.e., the first of the two pulses was
shifted one hour forward, and the second was shifted one hour backward. The whole
light schedule is visualised in figure 8.1.
For each skeleton photoperiod (PPs 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, and 22), we
established visually from the actograms (see figure 8.1 for examples) whether stable
entrainment was present. If so, we established the onset and end of activity over the
last 10 days of the interval in an objective quantitative manner. These times were
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defined as the first and last 2 minute interval in the 24-h profile where the activity
count exceeded the overall average count. The first is defined by starting from the
nadir to the acrophase (= center of gravity or mean vector direction), and the last by
going from the acrophase to the nadir. For a detailed description see Spoelstra et al,
(2004), with the modification that activity data were not averaged over τ but over 24
hours, the duration of the imposed T cycle. 

RESULTS

Figure 8.1 shows the complete actograms for one example from each of the genotypes
involved in the study. In the very lowest section of the actograms the animals were
exposed to DD and this reveals the endogenous period of the circadian systems at that
time. This is helpful in interpreting the pattern of entrainment in the circa 240 days
before. During the first 64 days, the animals were exposed to a full photoperiod,
decreasing gradually from 12 to 2 hours. This was done with the intention to have all
animals stably entrained to a long night and short day as rapidly as possible. From this
day onward the short day was replaced by two brief 1-h light pulses marking the
beginning (A) and end (B) of the day. A and B gradually move apart in steps of 1 hour
every fortnight until they merge again on day 228. We briefly discuss the patterns of
entrainment in each of these examples, using the term BA for the dark interval

Chapter 8

88

WT(Per)

0 12 24 36 48

ti
m

e
 (

d
a
y
s
)

0

20

40

60

80

100

120

140

160

180

200

220

240

260

Cry1
-/-

0 12 24 36 48

Cry2
-/-

0 12 24 36 48

Per1
Brdm1

0 12 24 36 48

Per2
Brdm1

0 12 24 36 48

Figure 8.1 Examples of double plotted actograms for one animal from each of the genotypes
studied under changing skeleton photoperiods. The light schedule is indicated by dark vertical bars. 



between pulses B and subsequent A, and AB for the dark interval between pulses A
and subsequent B. The skeleton photoperiod is then AB + the duration of the two
light pulses.
The wildtype mouse in figure 8.1a had a normal τ of 23.9 h. Its circadian system was
entrained initially by the delaying or decelerating effects of pulse B. It remained
entrained with the activity in the interval BA, until this interval had been reduced from
22 h to 8 h. The jump to the interval AB occurred upon further reduction of BA to 6 h.
It was a backward, delay jump, probably induced by pulse A now also hitting the delay
zone of the PRC, in addition to B. Compression of α is clearly visible from BA 12 to 8 h.
The Cry-/- mouse in figure 8.1b had a short circadian period (τ = 22.6. h) and also
entrained via delays. In this case the single pulse B was not sufficient to generate the
necessary delay alone, and entrainment resulted by the animal exploiting the delay
effects of both A and B as long as these were sufficiently close together. By the time
pulse B started to hit the advance part of the PRC entrainment could no longer be
maintained and relative coordination ensued until the system could again lock on to
the delaying action of the two pulses when they became sufficiently close in time
again. The mCry2-/- mouse in figure 8.1c had a long τ (24.5 h) and locked on with
activity in the long dark interval, with pulse A generating sufficient advances for
entrainment all the way from BA = 22 down to BA = 6 h. Compression of alpha is
visible from BA = 10 down to BA = 6 h. At BA = 4 the jump to AB occurs via delaying
transients, until again the system is entrained via advances. This actogram clearly
suggests that mCry2-/- is capable of a compression.
The mPer1Brdm1 and mPer2Brdm1 mutants used in this experiment were unfortunately
characterized by rather poor expression of rhythmicity. The Per1 mutant in figure 8.1d
shows evidence of circadian rhythmicity in some parts of the record, but not in all, and
there is certainly no alpha visible or measurable on which to base any conclusion. The
Per2 mutant shown in figure 8.1e is not a representative example, since also for this
genotype, most animals had a poor expression of rhythmicity. We do show this except-
ion, however, since it clearly had an entrained rhythm throughout, and represents a
potentially very interesting case. The animal was continuously entrained by the
advancing effect of pulse A. It clearly maintained α throughout, without any com-
pression, until activity started well before the BA interval of 8 h, as though there was
no delaying effect of pulse B whatsoever. When B moved yet closer to A (BA = 6 h)
the pulses apparently had a strong advancing effect together and activity jumped over
by advancing into interval AB. 
Thus while these experiments demonstrate that the mCry2-/- mutant appears to retain
the capacity of a compression while the per data are of limited value, we obviously need
to quantify these effects. This is done in figures 8.2-4. For this purpose we first had to
establish for each skeleton photoperiod imposed the mean times of onset and end of
activity per individual. For figures 8.2 and 8.3, onset and end times of activity were
averaged per genotype, and averages plotted relative to the times of the two light pulses.
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In wildtype mice there was a dichotomy of behaviours related to whether animals had
an endogenous period τ shorter than 24 h in DD, or a τ longer than 24 h. As expected
(Pittendrigh and Daan 1976b) mice of the first group entrained by phase delays, and
locked on with their activity onset to one of the two light pulses, while those of the
second group entrained by phase advances, locking on with the end of activity to one
of the pulses. We split up the wildtypes according to entrainment by delays or
advances. Figure 8.2 shows the data for the wildtypes entraining by delay (2A), for the
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Figure 8.2 Entrainment and phase of three groups of mice in changing skeleton photoperiods. A.
23 wildtype mice that entrained apparently by phase delays: the onset of activity was more or less
locked onto one of the pulses. B. 12 mCry1-/- mice. These all entrained also by phase delays. C. The
two only per1 mutants where stable phase of entrainment could be reliably assessed. For each
group, the left-hand panel (half double plotted shows the onsets and ends of activity (+/- s.e.m.) in
the left panel, the number of stably entrained individuals in the right-hand panel. 



Cry1-/- knockouts which all entrained by delays (2B), and for the two per1 mutants for
which phase could be reliably established (2C). Wildtype mice entraining by delays all
remained entrained with their activity onset locked on to the dusk pulse (i.e., the light
pulse originally occurring at the initial time of lights off), as predicted for animals with
short τ. Entrainment broke down with a ψ jump to the other interval when PPs
exceeded 16 h (Fig.8.2A). The Cry-/- mutant mice all entrained by delays, but here the
activity onset remained exclusively locked on to the prior dawn pulse (Figure 8.2B).
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This is no doubt related to the fact that mCry1-/- have a much shorter τ in DD than
wildtype mice, and tend to have an earlier phase in entrainment. No phase jump
occurred in this group because they had activity in the lengthening interval from
scratch. However, at intermediate PPs from PPs 8 till 18, the zeitgeber became too
weak for stable entrainment for most animals. For completeness we have included the
two sole mPer1Brdm1 mutants where activity onset and end could be established in
entrainment during part of the protocol, showing that both were entrained by delays.
These data are insufficient for further interpretation.
Figure 8.3 combines the data for all mice entraining via advances. This was true in 6 of
the wildtype mice, where the activity end locked on to the original dawn pulse. At PPs
14 the onset of activity collided with the dusk pulse, which then took over the main
entraining role. The ψ jump occurred here when PPs exceeded 16 h. All mCry2-/- mice
had essentially the same pattern (Figure 8.3B). Only the ψ jump occurred yet later,
around PPs 20. Figure 8.3C finally shows the quantified data of the singe mPer2
mutant that was clearly rhythmic and entrained throughout and of which the actogram
is shown in figure 8.1E. This animal entrained clearly by advances, following the dawn
pulse until the ψ jump at PPs 18. The dusk pulse collided with activity onset at PPs 10,
but appeared to elicit no response.
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On the basis of the activity onsets and ends for all animals under all conditions as used
in figures 8.2,3 we calculated the duration of activity time α (the length of the
horizontal bars in figure 8.2,3), and plotted these in figure 8.4. These show that the
initial average group alpha, unrestricted by skeleton photoperiod varied from circa 10
(Cry2-/-) till circa 13 h (Cry1-/-), with the wildtype mice in between. Compression took
place in the range of PPs between 10 and 16, just prior to the ψ jump. This appeared to
occur also in the Cry2-/- knockouts. Evidence for any a compression was observed
neither in the Cry1-/- knockouts nor in the single mPer2 mutant. The Per1 mutants
yielded no evidence as they were insufficiently rhythmic. 
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Based on the phase response curves published earlier for each of these genotypes, and
the τ values obtained in DD at the end of these experiments (see tabe 8.1) it is
possible to derive predictions of the stable phase of entrainment under different PPs,
along the lines proposed by Pittendrigh and Daan (1976b). This approach assumes
that phase shifts are instantaneous responses of a simple phase-only model of the
pacemaker, which is a reasonable assumption especially when short light pulses are
applied. The predictions are compared with observations in figure 8.5 for two
examples. Figure 8.5A shows the comparison for the wildtype mice with a circadian
cycle shorter than 24 hours (average length 23.75 h). The prediction is that the
system should initially remain locked on to the "dusk pulse" as the skeleton
photoperiod expands. At PPs = 12 hours, the two dark intervals are equally long and
here two solutions are possible. Around PPs 12 h there is a "zone of bistability"
(Pittendrigh 1981; Pittendrigh and Daan 1976b). The PRC yields a precise prediction
on the width of this zone of bistability. For a wildtype mouse with τ = 23.75 h this is
from PPs 10.9 till 13.1 h. The two phase positions of activity onset at PPs 13.1 h are
indicated in figure 8.5A. For longer PPs, only a single stable phase is predicted, with
activity onset at the beginning of the longest dark interval. As noted earlier by
Pittendrigh and Daan (1976b) for Peromyscus leucopus, the activity in reality remains in
the shorter interval much longer than predicted. The ψ jump occurs beyond PPs 20
rather than at PPs 14. 
Also in the mCry-/- mice there is a clear discrepancy between prediction on the basis of
a phase only PRC model and the entrainment observed. While prediction suggests that
the animals should stay entrained from scratch with the activity in the long dark
interval as in wildtype mice, the mCry1-/- mice have their activity locking on to the
dawn rather than the dusk pulse throughout the experiment. Thereby the phase jump
predicted is not observed at all.
Both discrepancies illustrate the difficulties of the phase only model and confirm the
conclusion drawn long ago on the basis of experiments in Peromyscus, that "the
unqualified model using a rigidly fixed species τ and PRC, is surely inadequate to explain
entrainment" (Pittendrigh and Daan 1976b). 

DISCUSSION

Before we focus on α compression we need first to elucidate some general principles in
entrainment by skeleton photoperiods as employed in the present experiments. The
first is that we usually see better entrainment under extreme PPs than under PPs in
the neighbourhood of 12 hours (figure 8.1 and right-hand panels of figures 8.2,3) .
This readily understood on the basis of the single light pulse PRC. When the two
pulses follow each other after a brief dark interval, they both hit either the delay part
of the PRC - in the case of systems with a short τ - or the advance part of the PRC - in
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the case of systems with a long period. Thereby the two pulses tend to reinforce each
other and hence constitute a stronger zeitgeber than a single pulse. 
When the two pulses are about 12 hours apart they will have the tendency to hit
opposite phases in the PRC and simultaneously generate delays and advances. These
will partly offset each other, and thereby effectively constitute a weaker zeitgeber.
Hence it should not surprise us that we often see freerunning rhythms, with evident
relative coordination in PPs around 12 h. This is for instance clearly visible in figure
1B, where the short t of an mCry1-/- knockout with its very short τ requires a greater
daily delay than the symmetrical PPs 12 can offer..
In spite of these global considerations, the real breakdown of entrainment often occurs
at larger PPs than 12. This is when the systems jump over, such that the subjective
night settles in the lengthening dark interval when it can no longer be contained in the
shorter interval. Hence the dysentrainment here is only temporary. The phenomenon
highlights an other feature specific for nearly symmetric dark interval. This is the
phenomenon of bistability, which has been made understood and fully evaluated by
Pittendrigh (1966; 1981). Briefly, when the two pulses are exactly 12 hours apart in a
skeleton photoperiod, the zeitgeber may be sufficiently strong to lead to stable
entrainment by frequency demultiplication. If so, the subjective night can be in either
interval because the two are identical; initial conditions determine and indeed fully
predict in which interval (Pittendrigh 1981). A tiny reduction of this one interval will
not interfere with entrainment, but as the interval gets shorter and shorter a moment
will come where this solution is no longer stable. The system will then phase jump so
that the subjetive night and activity move to the other, longer interval. Assuming that
the PRC and endogenous period t remain the same throughout entrainment one can
quantitatively predict at which PPs this will happen. As shown in figure 8.5, these
predictions are not met. The system will hang much longer with activity in the short
interval. This confirms for Mus musculus the results obtained by Pittendrigh and Daan
(1976b) for Peromyscus leucopus and Mesocricetus auratus. Hence when the two light
pulses are closer together, the assumption of a constant PRC is probably violated. The
action of the two pulses probably distorts the PRC such that the system no longer acts
as a phase-only oscillator. A possible reason for this distortion is that the PPs has
affected the internal phase relationship between oscillatory components such as a
Morning and Evening component.
The distortion of the oscillation is of course observed also in the duration of daily
activity α. Compression of α by shortening PPs was clearly visible in wildtype mice,
both those with τ shorter and those with τ longer than 24 h (Fig. 8.4). α Compression
also was observed in the mCry2-/-, but not in mCry1-/- On the per mutants the study
unfortunately yielded to little data, because of a tendency towards arrhythmicity and
sloppyniess that precluded the assessment of a in most individuals. Interestingly, there
was a single mPer2 mutant that retained a clear rhythm and entrained throughout
without a trace of α compression. This calls for a further follow-up to obtain more data
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on these mutants, possibly employing complete rather than skeleton photoperiods.
The present conclusion from this study must be that for a single modfied genotype,
mCry2-/-, α compression was observed and this refutes the prediction from the
molecular E/M model (Daan et al. 2001) that any dysfunctional gene among the four
should render either E or M dysfunctional and thereby abolish a compression. While
this is not the case, the complete absence of a compression in mCry1-/- and in the one
mPers mutant where the phenomenon could be assessed calls for new interpretations
at the molecular level as well as for further and more complete data sets.
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ABSTRACT

Mutations in each of the genes mPer1, mPer2, mCry1 and mCry2 separately cause the circadian
system to deviate from that in wild type mice, either in period length in constant darkness
(DD) or in circadian phase resetting in response to brief light pulses. Differences between the
mutant strains have inspired the hypothesis that the duality of circadian genes (2 mPer and 2
mCry genes involved) is related to the existence of two components in the circadian oscillator
(Daan et al. 2001). From this theory the robust prediction was derived that the circadian
period lengthens under constant illumination (LL) with increasing light intensity in mPer1
and mCry1 mutant mice, while it shortens in mPer2 and mCry2 mutants. We investigated these
predictions in mice lacking functional mPer or mCry genes in constant illumination. Results for
mPer mutant mice are in agreement with data reported earlier by Steinlechner et al (2002a),
and with the predictions from the model. Changes in period (τ) observed appear unrelated to
the overall reduction of activity with increasing light intensity which was observed in both
knockout strains as well as in wildtype mice. mCry1-/- and mCry2-/- knockout mice consistently
increased τ with increasing light intensity, such that the large τ difference between mCry1-/-

and mCry2-/- mice in DD is retained under constant illumination. To quantify expression of
circadian rhythmicity in running wheel behavior, we calculated the Signal to Noise Ratio
(SNR). Opposite effects of increasing illumination on SNR were demonstrated in mPer1 and
mPer2 mutant mice. In mPer1 mutant mice circadian rhythm SNR is more strongly reduced by
constant light than in wild types. In mPer2 mutant mice increasing light intensity initially
enhances SNR. In the mCry mutants light effects on SNR are similar to wild type. Hence, the
mutations of mPer1 and mPer2 have opposite effects on the influence of constant light on the
circadian system, while the deletions of mCry1 and mCry2 cause opposite effects on circadian
period independent of the light intensity. Deceleration of the circadian system by light in both
mCry1 and mCry2 mutants violates the predictions from the model, which therefore has to be
modified with respect to the mCry genes, but not to the mPer genes.



INTRODUCTION

Continuous illumination (LL) has two classic effects on the expression of circadian
rhythms, on the degree of rhythmicity and on the circadian period. LL, especially of
high light intensity, generally causes suppression of rhythmicity (Aschoff 1960; Daan
and Pittendrigh 1976b). It further tends to decelerate circadian rhythms in mammals.
The increasing cycle length with increasing levels of constant illumination was
originally considered to be specific for night-active animals (Aschoff 1960; Aschoff
1964). On the basis of accumulating mammalian data Aschoff (1979) later changed
this rule into the generalization that all mammals, diurnal as well as nocturnal,
lengthen the circadian period (τ) with increasing intensity of illumination. These
ubiquitous effects of light have so far rarely been considered in the context of
investigations on the molecular biology of circadian rhythms. Yet, the responses may
be of considerable interest. Two studies have reported exceptional LL phenotypes in
animals with mutant circadian genes: recovery from – rather than induction of -
arrhythmicity in LL in mClock mutant mice (Spoelstra et al. 2002) and acceleration
rather than deceleration of the circadian cycle in LL in mPer2 mutant mice
(Steinlechner et al. 2002a). These results suggest that it may be worthwhile to collect
more information on rhythmicity in LL in circadian gene mutants. In particular, a
recent hypothesis on the role of mPer1, mPer2, mCry1 and mCry2 in accelerating and
decelerating responses to light in subcomponents of the circadian oscillator yields
specific predictions for the effect of gene deletions in these responses (Daan et al.
2001). In this study we set out to test these predictions.

METHODS

The experiment included 8 mPer1Brdm1, 8 mPer2Brdm1, 8 wild type mice (C57BL/6 x 129
SvEvBrd genetic background); 6 mCry1-/-, 8 mCry1-/- and 8 wild type mice (C57BL/6 x
129ola background). The generation of the mutants has been described by van der
Horst et al. (1999) for the mCry knockout strains and by Zheng et al. (1999) for the
mPer mutants. Animals were housed individually in 25x25x40 cm cages, with food and
water ad libitum. Spontaneous locomotor activity was recorded with running wheels
(Ø 14 cm) connected to an Event Recording System (ERS) storing wheel revolutions
in 2 minute intervals. Temperature was maintained at 23 ± 1 °C throughout the entire
experiment. 
All cages were placed in our Activity Controlled Illumination System (ACIS). This is a
custom designed experimental setup with 24 compartments (75x50x70 cm), in which
any light intensity between 0 – 1500 Lux can be offered. The compartments are each
provided with an overhead battery of 2 fluorescent tubes (Philips fluotone
TLD85W/83°) illuminating the cages through an opaque glass partition. Directly
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above this partition a horizontal shutter closes off the light sources by a computer-
controlled electric motor, to ensure continuous control of light intensity without
spectral change. Light intensity is continuously recorded at the bottom of each
compartment. The shutter is operated as long as the computer senses a difference
between its preset light intensity and the intensity recorded by the sensor. Fans
mounted in light locks in the back of each compartment take care of ventilation and
thereby prevent temperature change as a consequence of different illumination
intensity. The system can either provide a light intensity profile, e.g., mimicking
twilights according to any latitudinal specification, or as was used here, simply provide
continuous illumination of any intensity. 
All mice were entrained to LD 12:12 (L 1000 Lux) for 14 days, and then exposed
successively for 15 days to DD, 10 days to LL 1 Lux, 17 days to LL 200 Lux, 14 days to
LL 1000 Lux, and 14 days in LL 10 Lux. All mice were then re-entrained to LD 12:12
for 42 days and then exposed to constant illumination in 14 day sections with
consecutive light intensities of 1000, 100, 10, and 1 Lux.
To assess period length, individual activity data from each section of the record were
subjected to chi-square periodogram analysis (Sokolove and Bushell 1978). We further
evaluated the effects of different intensities in constant illumination on the amount of
activity (average number of wheel revolutions per hour) and on the degree of
rhythmicity in the pattern recorded. For this last purpose, we determined the Signal to
Noise Ratio (SNR) for the most prominent rhythm in the activity pattern. The SNR
has been used to quantify the strength of a circadian rhythm previously (White et al.
1992; Ruf 1999) and is calculated by dividing the variance of the signal by the variance
of the noise. Here the signal is the averaged activity pattern of a circadian rhythm with
a period between 20 and 30 h detected by periodogram analysis.

RESULTS

Figure 9.1 (mPer mutant mice) and 2 (mCry knockout mice) show actogram examples
representative for the six genotypes analyzed. Circadian rhythms in the mPer1Brdm1

mouse decreased in period length in DD and lengthened in LL. Circadian rhythmicity
gradually disappeared in mPer1Brdm1 mice when exposed to bright light, and was
restored with decreasing light intensity. Opposite trends in circadian period length and
rhythmicity are observed in mPer2Brdm1 mice. These mice lost rhythmicity in low light
intensity and regained their circadian rhythm with shortened period length in bright
light. The mCry1-/- mice shortened circadian period length in DD, and lengthened it
with increasing light intensity. Circadian period in mCry1-/- lengthened in DD relative
to LD 12:12, and lengthened even more in constant light. In all three mCry strains
rhythmicity was reduced but preserved in both DD and LL. 
Consecutive individual τ values for all genotypes and corresponding light intensity are
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plotted in figure 9.3. Figure 9.4 shows the average τ values for the whole 0-1000 Lux
range (for 100-200 Lux individual values were first averaged). The actual values are
listed in table 9.1. Wild type mice increased their period length from 24.1 h in DD to
25.9 h in 1000 Lux. mPer1Brdm1 mice lengthened their circadian period more strongly
from 24.2 h in DD to 27.8 h in 1000 Lux. Few animals remained rhythmic during high
light intensity. Nonetheless the difference from wild type was significant (p<0.05) at
100 Lux exposure. All mPer2Brdm1 mice shortened circadian period length when
exposed to constant light, with the shortest period in 1 and 10 Lux. Period length
values in mPer2Brdm1 mice were significantly shorter than in wild type or mPer1Brdm1

mice in all LL intensities. The SNR of the most prominent rhythm detected between
20 and 30 h in DD was close to zero in mPer2Brdm1 mice. LL restored SNR values in
mPer2Brdm1 mice. Only when continuously exposed to 1000 Lux SNR values slightly
decreased again (figure 9.4). SNR values in mPer1Brdm1 mice were low in DD and
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Figure 9.1 Actogram examples of mPer strains and wildtype mice in light with increasing and
decreasing intensity. Horizontal lines delimit LL light intensities (Lux) denoted on the left.
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Figure 9.2 Actogram examples of mCry strains and wildtype mice in light with increasing and
decreasing intensity. Horizontal lines delimit LL light intensities (Lux) denoted on the left.
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decreased further with increasing LL light intensity. Wildtype mice were on average
more rhythmic than mPer mutant mice, with SNR values gradually decreasing with
increasing light intensity.
The average activity level (wheel revolutions * h-1) in entrainment was reduced in
mPer2Brdm1 mice and even more reduced in mPer1Brdm1 mice compared to wild type mice
(Figure 9.4). This difference was retained in DD and in LL at all light intensities. All
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three mPer strains showed an overall decrease in hourly activity. The sharpest decrease
was observed in mPer2Brdm1 mice. 
All mCry- strains lengthened their circadian period with increasing light intensity
(Figure 9.4). For all light intensities, mCry1-/- mice had a significantly shorter, and
mCry2-/- mice had a significantly longer period than wild type control mice,
corresponding to the difference in DD. SNR values for all mCry strains were on average
highly similar across all LL intensities, and gradually decreased with increasing light
intensity.
Average activity levels were equal in LD, DD and in all LL light intensities in all mCry
strains. Increasing light intensity increasingly suppressed activity levels. 
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mPer1Brdm1 mPer2Brdm1 mPer1Brdm1

mPer1Brdm1 mPer2Brdm1 WT WT WT mPer2Brdm1

Mean SE n Mean SE n Mean SE n p p p

Activity (wheel revolutions / h)

DD 24.2 0.6 6 24.6 - 1 24.1 0.0 8 <0.05 - -

1 Lux 25.1 0.4 8 22.7 0.2 7 24.4 0.2 8 ns <0.001 <0.001

10 Lux 26.3 0.7 6 22.7 0.2 8 25.6 0.2 8 ns <0.001 <0.001

100 Lux 28.4 0.6 3 23.3 0.2 8 25.8 0.1 8 <0.05 <0.001 <0.05

1000 Lux 27.6 0.8 4 23.0 0.2 8 25.9 0.2 8 ns <0.001 <0.01

mCry1-/- mCry2-/- mCry1-/-

mCry1-/- mCry2-/- WT WT WT mCry2-/-

Mean SE n Mean SE n Mean SE n p p p

Activity (wheel revolutions / h)

DD 22.1 0.1 6 24.5 0.1 8 23.7 0.1 8 <0.001 <0.001 <0.001

1 Lux 22.1 0.1 6 25.0 0.2 8 24.2 0.1 8 <0.001 <0.05 <0.001

10 Lux 22.8 0.2 6 26.5 0.3 8 24.8 0.2 8 <0.001 <0.01 <0.001

100 Lux 23.8 0.3 6 26.9 0.3 8 24.9 0.5 7 ns <0.01 <0.001

1000 Lux 23.9 0.2 5 26.9 0.3 7 25.5 0.2 6 <0.01 <0.01 <0.01

Table 9.1 Circadian period length (h) in mutant mice when exposed to constant illumination with
increasing intensity. Pairwise comparisons are made by Mann-Whitney Rank Sum Tests.



DISCUSSION

Circadian period
Circadian period lengths for mPer1Brdm1 and mPer2Brdm1 mutant mice in increasing and
decreasing light intensities in our study were similar to those reported by Steinlechner
et al. (2002a). Our results confirm their finding that period length shortens in
mPer2Brdm1 in constant light relative to DD. While general in (diurnal) birds, this
accelerating response to constant light is unique among mammals, where so far all
species measured exhibit an increase in circadian period in LL (Aschoff 1979). The
shortening of τ in mPer2Brdm1 mice in two studies is a remarkable confirmation of the
prediction generated by the two-component model (Daan et al. 2001). In our study
there appeared to be no further shortening of the circadian cycle with increasing
intensity beyond 1 Lux in the mPer2Brdm1 strain as was observed by Steinlechner et al.
(Steinlechner et al. 2002a). It is of interest that the circadian acceleration is
accompanied by a decrease in activity level, where all other strains decelerate in
combination with a decrease in activity level. There is a rather general negative
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mPer1Brdm1 mPer2Brdm1 mPer1Brdm1

mPer1Brdm1 mPer2Brdm1 WT WT WT mPer2Brdm1

Mean SE n Mean SE n Mean SE n p p p

Activity (wheel revolutions / h)

DD 498 71 8 878 147 8 1008 157 8 0.005 ns 0.01

1 Lux 342 99 8 549 55 8 1031 162 8 <0.005 <0.05 ns

10 Lux 266 93 8 585 65 8 941 180 8 0.005 ns <0.05

100 Lux 142 64 8 373 73 8 781 137 8 <0.005 <0.05 <0.05

1000 Lux 128 65 8 254 96 8 825 161 8 <0.005 <0.05 ns

mCry1-/- mCry2-/- mCry1-/-

mCry1-/- mCry2-/- WT WT WT mCry2-/-

Mean SE n Mean SE n Mean SE n p p p

Activity (wheel revolutions / h)

DD 1172 186 6 924 136 8 1149 129 8 ns ns ns

1 Lux 639 157 6 619 121 8 695 113 8 ns ns ns

10 Lux 591 135 6 537 127 8 680 140 8 ns ns ns

100 Lux 435 134 6 485 118 8 564 150 8 ns ns ns

1000 Lux 390 185 6 408 114 8 516 166 8 ns ns ns

Table 9.2 Running wheel activity (revolutions * h-1) in mutant mice when exposed to constant
illumination with increasing intensity. Pairwise comparisons are made by Mann-Whitney Rank Sum
Tests.



association between the amount of activity and circadian period (Aschoff 1960;
Aschoff et al. 1973; Turek 1989). This may be caused by additional variables, such as
testosterone titers (Daan et al. 1975) acting on both activity and the circadian system.
It may also be due to a feedback effect from activity on the pacemaker. The present
results demonstrate that the period shortening in LL can not be attributable to such
feedback. The extra lengthening in circadian period in mPer1Brdm1 mice and the
shortening in circadian period in mPer2Brdm1 mice suggests distinct roles for the mPer1
and mPer2 gene in accelerating and decelerating the circadian system, respectively. 
In contrast to the two mPer mutant strains the mCry mutant mice express their
differences in period length equally under different intensities of constant
illumination. The increasing τ values both in mCry1-/- and mCry2-/- with increasing LL
light intensity refute the prediction concerning the mCry genes derived from the two-
component theory proposed by Daan et al. (2001). Apparently neither mCry gene
separately has to be functional for the deceleration response to continuous light. 

Activity
The activity level in all strains tested decreased with increasing light intensity. Activity
levels in all three mPer genotypes in DD were similar to the entrainment situation.
Activity levels in mPer1Brdm1 and mPer2Brdm1 mice in all light intensities were lower than
in wild type control mice. The absence of functional mPer1 most severely reduces
locomotor activity. Constant light suppressed locomotor activity evenly in mPer1Brdm1

and wild type, but most severely in mPer2Brdm1. 
Activity levels in mCry1-/- and mCry2-/- mice were quite similar to those of wild type
control mice in all photic conditions including LD and DD. In agreement with results
obtained by Mrosovsky (2001), activity levels in all three genotypes were increasingly
and evenly reduced by LL with increasing light intensity. Apparently, none of the mPer
or mCry genes is necessary for the suppressing effect of light on general activity. 

Rhythmicity
mPer2Brdm1 mice are rhythmic in LL, as previously found by Steinlechner et al. (2002).
In this study we show that after loss of rhythmicity in DD exposure to L:D 12:12 is not
required for mPer2Brdm1 mice to become rhythmic again. The rhythm is thus self-
excitatory. Constant light either initiates the circadian oscillation, or the pacemaker
regains control over its behavioral output. 
Low levels of rhythmicity are generally associated with low activity (Aschoff 1960,
Turek 1989). This holds also for all genotypes tested here, except for mPer2Brdm1 mice
exposed to lower levels of constant light. Although mPer2Brdm1 mice are arrhythmic in
DD, their activity level in DD is comparable to that in LD. In addition, arrhythmic
mPer2Brdm1 mice in DD are much more active than rhythmic mPer1Brdm1 mice. Only
when exposed to high LL light intensities, the SNR in mPer2 mutants may be reduced
by severely suppressed activity levels. 
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mPer1Brdm1 mice were least rhythmic in LL and showed least locomotor activity of all
genotypes. In contrast to mmPer2Brdm1 mice, rhythmicity in mPer1Brdm1 mice is almost
entirely lost in high intensity LL but recurs with decreasing light intensity. The low
SNR in mPer1Brdm1 mice under exposure of bright light does not confirm the inter-
pretation by Steinlechner et al. (2002a), that rhythmicity is sustained in mPer1Brdm1 in
these conditions. In our study, wild type mice were most rhythmic in all conditions,
but with a clear suppression in level of rhythmicity by high light intensities. 
In the two-oscillator model as proposed by Daan et al. (2001) a distinct role for mPer1
in the M- and for mPer2 in the E-component of the circadian oscillator was suggested.
These two oscillators were predicted to respond oppositely in velocity and hence phase
when the circadian system is exposed to light. These opposing influences could
possibly account for arrhythmicity in wild type mice in LL as suggested by Daan et al
(2001). Mice, single mutant for mPer1, mPer2, mCry1 or mCry2, or mice double mutant
for mPer1mCry1 or mPer2mCry2 would then be exempted from these opposite forces in
LL conditions and be expected to more readily preserve rhythmicity. This is not the
case. Compared to mPer1Brdm1 and mPer2Brdm1, wild type mice have a more stable
rhythm that is less disturbed by increasing light intensity than mPer1Brdm1 mice. Wild
type control mice are equally rhythmic as mCry1-/- or mCry2-/- mice in any condition. 

Taken together, mutations of mPer1 and mPer2 have opposite effects on the influence of
constant light on the circadian system, while the deletions of mCry1 and mCry2 cause
opposite effects on circadian period independent of the light intensity. Deceleration of
the circadian system by light in both mCry1 and mCry2 mutants is not in agreement
with the predictions from the model, which therefore has to be modified. 
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WAVES OVER THE GLOBE

Imagine the earth observed from a distance while you still distinguish the tiny
movements on its surface. You will discern one dominant pattern of motion over the
globe. You will see billions of humans that populate the earth going through their daily
ritual of changing back and forth from the vertical into the horizontal position. They
do so in great synchrony. It is a motion not unlike the ‘wave’ of the audience in a
soccer stadium, but recurring day after day with great precision and reliability, in
eternal repetition. On closer inspection, humans are not alone in this wave. They are
joined by thousands of other species of animal. Most animals are either diurnal or
nocturnal and alternate once per day between a resting and an active state. If we
include our animal ancestors, the wave of movement between rest and activity may
well have persisted for a billion years.
The daily alternation between activity and rest is of course in synchrony with light and
darkness, but it is not dictated by it. The duration of activity (α) in both diurnal and
nocturnal animals describes an S-shaped curve when plotted as a function of the full
24-h range of durations of sunlight, as occur naturally in the arctic in the course of a
year (Figure 10.1). There, in the arctic, we can most distinctly observe how the
transition from rest to activity precedes sunrise by several hours in diurnal animals in
midwinter, and sunset in nocturnal creatures in midsummer. The opposite is true for
the transition from the onset of rest with respect to sunset and sunrise, respectively
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Figure 10.1 Variation of activity time (α) with daylength in nocturnal hamsters (left panel) and
diurnal tree shrews (right panel) studied year-round at the arctic circle.  Based on Daan and
Aschoff (1975), figs 14 and 15.



(Daan and Aschoff 1975). 
If we extrapolate from the arctic to the rest of the globe, we may visualize our
biological wave as centered around a line that crosses the dawn line, but does not run
exactly north-south from pole to pole. The line is depicted in figure 10.2 for a situation
close to the northern winter solstice. It bisects dawn (the classic definition of
Zeitgeber time ZT 0; Pittendrigh and Minis 1964), and the north-south line crossing
dawn at the equator (corresponding with External Time ExT 6; Daan et al. 2002). It
represents roughly the onset of activity in diurnal creatures, the offset in nocturnals.
The opposite wave runs at the other side of the globe. 
A model assuming that light dictates the activity patterns (e.g., by masking) would
generate 45° slopes throughout in figure 10.1, and our wave to follow dawn (ZT 0) in
figure 10.2. A model assuming a fixed endogenously generated behavioural program,
merely synchronized by the LD cycle (the prevalent opinion in chronobiology), would
generate a horizontal line in figure 10.1, and a wave following ExT 6 in figure 10.2.
Reality is in between.
To account for such seasonal changes Pittendrigh and Daan (1976c) proposed long ago
that the endogenous activity program in nocturnal rodents is generated by two
components in the circadian system. A component E – for Evening oscillator – that
would be decelerated by light, and a component M – for Morning oscillator – that is
accelerated by light. They would track dawn and dusk, respectively, but not completely.
The necessary internal coupling between the two components would act to promote a
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Figure 10.2 Waves of activity onset or end over the globe. They are intermediate between fully
dictated by dawn (zeitgeber time ZT 0 = lights-on) and fully independent of season (ExT 6 = 6 h
after midnight).



constant internal phase relationship, opposing the external push and pull from dawn
and dusk under extreme photoperiods. This model was inspired by several pheno-
mena. Foremost among these was the phenomenon of splitting, in which two compo-
nents are actually observed in constant bright light. These two components were
interpreted originally as being functionally distinct, one being accelerated, the other
decelerated by constant light (Pittendrigh and Daan 1976c). Theoretical analysis
showed that the components had to be very nearly identical rather than functionally
distinct in order to produce splitting behaviour. This led to the proposition that they
might instead reflect the left and right suprachiasmatic nucleus (Daan and Berde
1978a), just like the left and right optic lobe in some beetle species can split apart and
couple in antiphase (Koehler and Fleissner 1978). Recently the roles of left and right
SCN in splitting have been elegantly demonstrated experimentally in Syrian hamsters
(de la Iglesia et al. 2000). Since there is evidence for identical light responsiveness of
the two components that can be coupled either in phase or - in the split condition - in
antiphase (Meijer et al. 1990), we can safely discard the notion that splitting has
anything to do with functionally distinct M and E components.
There were, however, other arguments to propose the E-M model. Foremost among
these were the gradual compression and decompression of activity time (α) as rodents
were exposed to changes in light intensity or were brought in relative coordination
with zeitgeber cycles just outside the range of entrainment (Pittendrigh and Daan
1976b fig.8). This suggested that the onset and end of activity were under separate
control of two components in the pacemaking system. These component oscillators
were supposedly pulled apart or pushed together by their differential responses to
light. Their internal coupling would provide the counterforce towards a stable phase
relationship determining α. 
The concept of E and M components in the system is not of much heuristic value as
long as the components remained abstract and had no concrete physiological or
molecular identification. It has recently been proposed that the M component is
represented by the clock genes per1 and cry1 in the central pacemaking loop in cells of
the rodent suprachiasmatic nucleus (Daan et al 2001). This allows us to test of some
of the key assumptions. 

TRACKING DAWN OR DUSK ?

Before reviewing some of these tests, it first needs clarification what is meant by the
notion that a component tracks dawn or tracks dusk in the course of the year. As day-
length increases in spring dawn moves to earlier external times (ExT) in the day. A
circadian phase marker tracking dawn may be expected to at least also move to earlier
times. Moving to later ExT as daylength increases would make the phasemarker track
dusk.
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In practice much will depend upon the definition of phase markers. We can take the
exquisite electrophysiological records from horizontal brain slices containing the
Syrian hamster SCN of Jagota et al (2000) as an example. In figure 10.3 the average
rise and drop times of the electrical firing frequency have been indicated for the
Morning and Evening peak separately both for SCNs from short day (L 8 h) and long
day (L 14 h) hamsters. Also, the centers of gravity have been inserted for each peak
separately and for the full circadian activity profile. Of the different markers, the rise of
the morning peak shifts forward to earlier ExT when the day lengthens, the drop time
of the morning peak, the rise and drop of the evening peak, as well as all three centers
of gravity shift to later ExT. Thus one should conclude that only the morning rise
tracks dawn, while all other markers track dusk.
In this clear case we know from careful work that the morning peak advances in
response to glutamate pulses mimicking light in the late subjective night, while the
evening peak delays after such pulses in the early subjective night (Jagota et al. 2000).
We are dealing here with a system where the evening peak precisely and completely
tracks dusk – shifting backward 3 h when the daylength increases by 6 h – while the
change of the morning peak is small and its direction depends on the choice of phase
marker. This example makes clear that the direction of change is less important than
the fact that the two phase markers (morning and evening peak) move apart as the
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daylength changes. Thus evidence for a dual system responding to daylength would
require at least that one component changes in the direction of either dawn or dusk,
while the phase change of the other component is intermediate between that of the
first and the other light/dark change. 
Figure 10.4 displays the photoperiod induced change in the phase position of
molecular components in circadian rhythms in the rodent SCN as reported in the
literature. In all cases the mean vector direction for the oscillation is shown. In all
cases, the vectors move in the direction of dawn as the days lengthen and shorten.
This holds for Per1 expression at the transcriptional level in mice (Steinlechner et al.
2002a), rats, and Syrian hamsters (Messager et al. 1999), and at the translational level
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in rats and Siberian hamsters. It also holds for expression of Cry1 and for both
spontaneous and light-induced cFfos in rats. Finally, it holds for ICER expression in
hamsters (Messager et al. 1999). 
At the moment, we do not have a single molecular component which follows dusk as
the photoperiod changes. The expression profiles of Per2 have been measured under
two photoperiods by Steinlechner and colleagues (2002a), but unfortunately, the Per2
modulation becomes rapidly arrhythmic under long days (LD 18:6). This and other
genes, in particular Cry2, need to be looked at in more detail. 
There are two general points to be raised on the basis of this figure. The first is that the
data derive from studies on different rodents, with different characteristics of their
circadian system. Hamsters and rats are known to have endogenous circadian periods
in DD as assessed by locomotor activity longer than 24 hours and thereby they will
track dawn rather than dusk in response to changes in photoperiod (Pittendrigh and
Daan 1976b). Hence the molecular rhythms under different photoperiods, nearly all
collected in these species, correspond with those at the behavioural level. In contrast,
mice have periods in DD shorter than 24 hours and hence their activity rhythm is
expected to lock on to dusk rather than dawn. Yet at least their Per1 rhythm, as
assessed by Steinlechner et al (2002a) appears to follow dawn rather than dusk and
must considerably change phase with at least the activity rhythm. Unfortunately, the
Per2 rhythm virtually disappeared under long days in the same study, so that we can not
draw conclusions on possible antidromic movements of the Per1 and Per2 rhythms.
The second point is that so far all the molecular rhythms assessed under at least two
photoperiods concern either Per1 or Cry1 or genes not directly involved in the
oscillating mechanism, c-Fos and ICER. This is just a very restricted data set. The fact
that Per1 and Cry1 track dawn as predicted by the theory of Daan et al (2001) can not
be considered conclusive as long as evidence on Per2 and Cry2 is lacking.

A DAWN-DUSK TRACKING MODEL

Next we need to explain how two oscillators with differential responses to light might
be surmised to track dawn and dusk when daylength changes. In figure 10.5, the upper
panels reflect the phase dependent responses to light of two putative oscillators,
plotted in the well known PRC format. In both cases accelerating (advance) responses
and decelerating (delay) responses alternate in the course of a cycle. In the left-hand
(M) oscillator, advances dominate over delays. In the right hand (E) oscillator, delays
dominate over advances. 
The bottom panels of figure 10.5 show – now in standard double-plotted actogram
format – the calculated behaviour of both oscillators when exposed to DD and to LL of
two intensities, and then to a short and a long photoperiod. The left panel is from
simulations in which no coupling between the two is assumed. In the right-hand panel
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Figure 10.5 Simulations generated by a computer model displaying M and E as separate
components of one system. Upper panels: Hypothetical phase shift responses to light with more
acceleration in M (left) and more deceleration in E (right). Lower panels: Phase markers plotted for
M (solid circles) and E (open circles) in five simulated conditions; from top to bottom: DD (dark
grey); low intensity LL(light grey); high intensity LL (white); short days; long days. Left: no
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a coupling force between the oscillators is at work. This coupling force is essentially as
introduced in a similar model described elsewhere (Daan and Beersma 2002). In
practice we programmed a computer such that per time unit ∆t of 4 minutes (= circa 1
degree of arc) the phases of E and M were each calculated from a recursive equation of
the type:

ϕt+∆t = ϕt + ∆t/τ . { 1 + I ◊ (sin 2πϕ + level) + α . (sin 2πϕM ) . (sin 2πϕE )}

The level of the PRC for light differs between E and M as indicated in the upper
panels. The coupling strength α is taken to be positive for M and negative but of equal
size for E.In the left panel of figure 10.5, we see that constant light of increasing
intensity accelerates the M–oscillator and decelerates the E-oscillator. In the right-hand
panel these different responses are obscured by the coupling force at intermediate light
intensity, while they become visible – now with relative coordination – at high
intensity. When exposed to short days both oscillators are synchronized by the LD
cycle, both without (left) or with (right) coupling. Increasing the daylength causes a
phase marker for M to change in the direction of dawn, and one for E in the direction
of dusk. As expected, hese movements are less strongly expressed in the coupled
system (right) than in the system without coupling (left)
Much of the detailed response depends on the precise specification of such models, i.e.,
on the choice of parameter values. For instance increasing the coupling strength may
well keep the components more fixed in their phase relationship, which then prevents
them to move in opposite direction with change in daylength. Thus the simulations
solely subserve illustrative purposes. However it is a general result that the phase
relationship measured from an M-phase marker till an E-phase marker increases as
daylength increases in any simulation, as long as we maintain generalized sine wave
PRC’s as is done here.

PHASE SHIFTS IN KNOCKOUTS BY LIGHT

A straightforward way to investigate the theory proposed by Daan et al (2001) is to
measure the phase response curve for brief light perturbations in animals lacking
supposedly crucial genetic elements for one or the other of the two putative oscillators.
As proposed by the authors, the model yields several robust theoretical predictions
that can be experimentally tested. Thus, mice lacking either Per1 or Cry1 would be
expected to lack the M-component in the pacemaker and be more decelerated by light
than wildtypes, while mice lacking either Per2 or Cry2 would be expected to be
accelerated. Spoelstra et al (2004) have recently carried out two types of tests, which
we summarize here. The first test refers to the phase response curves for brief light
pulses against a DD background.
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The prediction is not necessarily so extreme that animals with genetic lesions in M are
expected to only have delays and those with genetic lesions in E should only have
phase advances in response to light. Such a qualitative difference had been suggested
by results obtained by Albrecht et al (2001), who studied the response of Per1 and
Per2 mutants to a standard light pulse at two circadian phases, one in the delay part,
one in the advance part of the PRC. They observed no phase delays in the Per2 mutant,
no advances in the Per1 mutant. When a complete PRC is measured, one might expect
that the difference is quantitative rather than qualitative. Thus, it might be predicted
that, as in figure 10.5 (upper panels), the phase responses on the whole are more
positive (larger advances) and/or less negative (smaller delays) for animals with only
M present than for those with only E present. 
In figure 10.6 left panel the PRC’s are summarized for Per1 and Per2 mutant mice. The
Per1 mutants are indistinguishable from wild types. In contrast, the Per2 mutants have
both larger positive phase shifts in the advance part of the PRC, and smaller negative
phase shifts in the delay part of the PRC. This is fully consistent with the predictions
from the model, and expands earlier analyses using a slightly different protocol
(Albrecht et al. 2001). In the right hand panel parallel results are shown for Cry1 and
Cry2-knockout mice. In this case no separate wildtype strain was available for
comparison. In the Cry-knockouts a clear difference is observed only during the delay
phase. In the subjective night, Cry2-knockouts have considerably smaller delay phase
sifts in response to 15 minute light pulses than Cry1-knockouts. Again this difference
is in the direction predicted.
For an overall test of the hypothesis that phase shifts in Per2 knockouts are above
those in Per1 knockouts, and, correspondingly, Cry2 phase shifts are above Cry1-
knockout phase shifts, we need to pool the data. To investigate whether the differences
observed between the different knockouts strains might be attributed to chance
variation, we expressed each phase shift measured as the deviation (in h) from the
mean bin value of the per wt strain. In this way the overall circadian variation is
removed from the relative phase shifts thus obtained. The mean relative values are
summarized in table 10.1. The table demonstrates that Per2-mutant phase shifts on
average are 0.93 h above the Per1-mutant phase shifts. Phase shifts of Cry2-knockouts
are on average 0.44 above those observed in Cry1-knockouts. Obviously, the average
relative phase shifts in the per-wt strain is 0.00, since these phase shifts were used for
reference.
The difference between the Per mutants and between the Cry knockouts in both cases
turns out to be both statistically significant (Spoelstra et al. 2004) and in the direction
predicted by the hypothesis.
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Figure 10.6 Phase response curves for 15’ light pulses in circadian gene knockout mice (from Spoel-
stra et al 2004). Asterisks indicate significant elevations of the levels in mPer1Brdm1 and mCry1-/-.

Table 10.1 Average phase shift  (mean + s.e.m.) in different mouse genotypes compared to mean
phase shifts of wildtype mice in the same 2-h bin of the circadian cycle (from Spoelstra et al. 2004)

wildtype 0.00 h ±0.12

Per1-/- -0.16 h ±0.15

Per2-/- 0.77 h ±0.26

Cry1-/- -0.06 h ±0.14

Cry2-/- 0.38 h ±0.12



PERIOD CHANGES IN KNOCKOUTS BY LIGHT 

A second way to evaluate velocity differences in the response to light is the classical
protocol in which the cycle length (inverse of the frequency) is studied under exposure
to continuous illumination with different intensities. Such analysis has been done for
the Per1- and Per2- mutant mice by Steinlechner et al (Steinlechner et al. 2002a).
Spoelstra et al (chapter 8) repeated this study, now also including the Cry1- and Cry2-
knockouts. The results are summarized in figure 10.7. 
The results for the Per1 and Per2 mutant mice are in reasonably close correspondence
with those obtained by Steinlechner et al (2002a). Per1 knockouts respond to
increasing light intensity in much the same way as wildtype mice, with lengthening of
the circadian period. In Per2 knockouts at least no overall lengthening is observed.
Whether their circadian periods shorten with increasing intensity is not readily clear,
since they have a strong tendency to become arrhythmic in DD (as Per1 knockouts do
in LL of intensities 100 Lux and up). Thus in DD, the average periods appear to be
similar for all three genotypes, while in high light intensities the presence of Per2
appears to be necessary for the light-induced deceleration. In 1000 lux Per2- knockouts
had a circadian rhythms faster by more than 3 hours than the other genotypes.
In contrast, Cry1- and Cry2-knockouts retain their difference from wildtype in terms of
circadian period length over all light intensities evaluated. These data provide no
evidence for a role of either Cry gene in the deceleration of the circadian system in
response to constant light of increasing intensity.
Thus the data for Per-mutants are in reasonable agreement with the predictions from
the hypothesis of Daan et al (2001). Functional Per1 and Per2 mutations have
apparently opposite effects on the circadian reponse to LL, both in terms of period and
of tendency to become arrhythmic. While this would support the hypothesis, the Cry-
knockout data are in apparent disagreement.

DOUBLE AND TRIPLE KNOCKOUTS

Attribution of specific roles in either the E or the M component to the four genes Per1,
Per2, Cry1 and Cry2 was partly based on the fact that Per1/Per2 double mutants have
completely lost circadian rhythmicity (Zheng et al. 2001a), while the same holds for
the Cry1/Cry2 double knockout (van der Horst et al. 1999). The idea is that in both
cases a crucial element is deleted from each of the two oscillating components.
Obviously the same prediction of arrhythmicity can be made for Cry1/Cry2 and
Per2/Cry1 double knockouts, as well as for all triple knockouts, while circadian
rhythmicity should be retained for the Per1/Cry1 and Per2/Cry2 double knockouts. 
Oster and colleagues (2002; 2003a; 2003b) recently have done a series of studies that
provide a test of some of these predictions. It turns out that Per2/Cry2 knockouts
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indeed retain self sustained circadian rhythmicity. The rhythm even becomes more
stable than with the Per2 mutation alone, which leads to instability in DD (Oster et al.
2002). Likewise, Per1/Cry1 mice remain rhythmic (Oster et al. 2003a). Per2/Cry1
double knockouts are totally arrhythmic directly from release in DD (Oster et al.
2002). Per1/Cry2 double knockouts on the other hand, do loose their rhythmicity, but
this effect is restricted to adult mice, while juveniles express self-sustained rhythmicity
(Oster et al 2003a). None of the triple knockouts, which lack either both cry genes or
both Per genes, are rhythmic (Oster et al. 2003b). 
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The results are summarized in table 10.2. They would be in excellent and detailed
agreement with predictions from the model except for the juvenile Per1/Cry2 data,
where arrhythmicity is predicted and self-sustained rhythmicity is found. This is
obviously at variance with the model. 

CONCLUSION

In four different types of experiment associated with or inspired by the E-M
component theory we find results which are partially in support of and partially at
variance with the theory. Changes in gene expression profiles with photoperiod so far
do not violate the predictions but are clearly incomplete and can not be considered
powerful tests. The average level of the phase response curves to brief light pulses
differs significantly between the two Per knockouts as well as between the two Cry
knockouts in the direction predicted, with Per2-/- and Cry2-/- having larger advances
and/or smaller delays than Per1-/- and Cry1-/- respectively., but there is clearly no 1:1
relationship between the knockout effects. Possibly, the heterogeneity of the genetic
background plays a role here and a firm answer awaits having all these deletions in the
same genetic background. The effects of constant light on the knockout mice are in
remarkable support of the model’s prediction for the Per mutants, but violate the
predictions in the Cry knockouts. Finally, the work of Oster and colleagues (2002;
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Table 10.2 Prediction and observation on persistence of self-sustained rhythmicity in DD in
different knockout combinations. x = gene functional; 0 = gene functionally deleted.

per1 per2 cry1 cry2 prediction observation reference

x x x x rhythm rhythm

0 x x x rhythm rhythm Zheng et al (2001)

x 0 x x rhythm rhythm Zheng et al (2001)

x x 0 x rhythm rhythm van der Horst et al (1999)

x x x 0 rhythm rhythm van der Horst et al (1999)

0 0 x x no rhythm no rhythm Zheng et al (2001)

0 x 0 x rhythm rhythm Oster et al (2003a)

0 x x 0 no rhythm rhythm in juveniles Oster et al (2003a)

x 0 0 x no rhythm no rhythm Oster et al (2002)

x 0 x 0 rhythm rhythm Oster et al (2002)

x x 0 0 no rhythm no rhythm van der Horst et al (1999)

0 0 0 x no rhythm no rhythm Oster et al (2003b)

0 0 x 0 no rhythm no rhythm Oster et al (2003b)

0 x 0 0 no rhythm no rhythm Oster et al (2003b)

x 0 0 0 no rhythm no rhythm Oster et al (2003b)

0 0 0 0 no rhythm



2003a) on double knockouts provides remarkable support of the model’s predictions
except for the persistence of rhythmicity in juvenile Per1-/-Cry2-/- knockouts. The
violations of the model with constant light and this double knockout are sufficiently
serious to rethink the theory. At least Cry2 must play a role in the system that is
different from the role attributed to it by Daan et al (2001). 

Acknowledgements
We thank Urs Albrecht for the supply of the Per1 and Per2 mutant mouse strains and
Bert van der Horst for the Cry1 and Cry2 knockouts. We are in great debt to Professors
Sato and Ken-Ichi Honma for their splendid hospitality in Sapporo and for their efforts
in organising the tremendously successful series of Sapporo symposia on Biological
Rhythms. This paper was supported by the EC 5th framework BRAINTIME grant
(QLG3-CT-2002-01829).

EM perspective

125



126



127

Integration

11



NATURAL ENTRAINMENT

Entrainment is the key functional property of circadian rhythms. Research on circadian
systems has primarily focused on selfsustainment of circadian rhythmicity in DD,
although this is only a derived property of a mechanism evolved under entrainment
(Roenneberg et al. 2003a). Circadian rhythms are entrained by both instantaneous
phase shifts and velocity changes of the circadian pacemaker in response to light. The
direction and magnitude of both phase shifts and velocity changes are phase dependent.
They may or may not eventually turn out to be part of a single, temporally decaying
response, with the instantaneous phase shift just being the first cycle part of the
longer-term response.
Recent studies from our lab have shown that both the instantaneous shift and the
longer term τ response play a functional role (Hut et al. 1999; Beersma et al. 1999;
Daan 2000). The optimal ratio of these responses may well vary between diurnal
animals (exposed to erratic light signals, such as in humans; see chapter 2) and
nocturnal animals (often shielded from the light in daytime, e.g., by burrowing
behaviour). The long-term changes in τ may well be the product of a mechanism
integrating erratic light signals over time, canceling out all the minute by minute
variations to which diurnal animals in particular are exposed (Hut et al. 1999). This
would allow the system to listen much less to behaviour-induced (burying!) and other
changes in light intensity. Whether a form of feedback exists between behaviour and
light input for the circadian system remains to be tested (ultimately in a ‘yoked
control’ experiment). The ability to integrate light information will in general prevent
perturbations of the circadian clock by fluctuations in light intensity. The behaviour of
humans in modern society induces large variations in the light perceived by their
circadian systems. Yet they stay accurately entrained, and this may also be attributable
to integration of light information. An entrainment simulation study on actually
perceived light shows that the accuracy of human entrainment may well benefit from τ
responses (see Chapter 2). 
In order to test whether an imposed instead of a self-induced dark pulse is able to
disturb the circadian pattern in behaviour, we exploited the solar eclipse on August 11,
1999 above a population of susliks or European ground squirrels (Spermophilus
citellus) in a natural environment near Vienna, Austria (see chapter 3). This eclipse
caused a sudden reduction in light intensity by over two log units. As expected, it
induced no detectable changes in the circadian activity pattern of the ground squirrels.
This observation, made possible by a unique natural experiment, gives credence to the
interpretation that the slow average changes in light intensity in the afternoon long
before sunset are the essential stimuli for entrainment in the diurnal ground squirrel.
It is around this time of day that the ground squirrels completely withdraw under-
ground, away from the light (Hut et al. 1999). Since they don’t observe sunset, they
can not be entrained by it. However, they might be entrained by the behaviour-induced
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sudden darkness, if the behaviour, i.e., retreating into their burrow, itself were induced
by a light reduction. The eclipse observations show it is not.
For nocturnal mammals, the gradient of light intensity does not seem to be the key
signal for entrainment. Since early on, the contention implicit in the PRC theory has
been that circadian systems distinguish between dawn and dusk by their own phase at
which the light signal is falling. Pittendrigh (1981) has made this explicit by postulating
that the complete photoperiod in a zeitgeber could be replaced by two brief and
identical light pulses at the times of prior dawn and dusk. He showed most
convincingly for Drosophila pseudoobscura rhythms that indeed their entrainment is
predictable in great detail from the assumptions of simple phase resetting in response
to light pulses. The whole field has accepted this view on entrainment without
questioning. Yet the fact that brief rectangular pulses yield a predictable response does
not preclude that the same system would respond very differently to pulses
characterized by a slowly increasing light intensity - a “dawn pulse” - from its response
to a slowly decreasing light pulse - a “dusk pulse”. 
I have tested precisely this question by exposing mice to a zeitgeber composed of two
alternating dawn and dusk pulses 12 hours apart (chapter 4). Indeed the mice did not
distinguish between these pulses, at least not in a general sense. They could be
entrained with their subjective night, indicated by activity, either in the interval from
the dusk to the dawn pulse, or in the interval from the dawn to the dusk pulse. Yet it is
important to note that its seems to be the photons and the subjective time at which
they hit the system that are crucial for entrainment, not whether there is a gradual
increase or decrease.     
It has been proposed that the long-term velocity responses, observed as ‘after effects’
in the circadian period τ, emerge from changing phase relationships between two
component oscillators E and M (Pittendrigh and Daan 1976c). These changes would
subserve the function of adjusting the seasonal program to daylength, such as
documented most elegantly in the European ground squirrel at two different latitudes
by observation in the field near Vienna (Everts et al. 2004) and by recording from
light-sensitive radiocollars (Hut et al. 1999) reporting when the animals were above
ground in large outdoor pens in the Netherlands (Figure 11.1). Indeed after-effects of
photoperiod on τ have been published (7 different mammal and bird species in
Pittendrigh and Daan 1976a table 3) and in mice (Mus musculus, Possidente et al.
1995). If τ changes are indeed the result of a different phase relationship between
these oscillators, one might expect that there are differences in the extent of phase
relationship changes between diurnal and nocturnal mammals, since there appear to
be systematic differences in the size of their τ response (Daan 2000).
In view of the importance of the substructure of the pacemaker for functional
adjustment of behavioural programs to season, as well as for their basic function in
entrainment I embarked on a detailed evaluation of this substructure in part 2. This
eventually became the main part of the thesis.
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THE DUAL OSCILLATOR MODEL 

Specific observations in circadian behaviour, in particular splitting of the rhythm into
two different components and the compression of activity time (α) led to the
formulation of the dual (EM) oscillator theory (Pittendrigh and Daan 1976c).
According to this theory, the central circadian pacemaker consists of two mutually
coupled oscillators, E and M. The evening oscillator (E) runs fast in darkness and is
slowed down by light, the morning oscillator (M) runs slower in darkness and is
accelerated by light. By these properties, E would lock on to dusk and M to dawn.
However, the oscillators are also coupled to each other, and thereby subject to a force
towards maintaining the same phase relationship. The resulting phase angle difference
between the two oscillators (ψEM) regulates the duration of the activity time α and
thus the flexible adjustment of activity to daylength. In addition, ψEM would determine
the intrinsic period length of the pacemaker. A gradual change in ψEM would explain
transient after-effects. The EM hypothesis would yield testable predictions for a
pacemaker that has either a functional E or M oscillator. A pacemaker with only the E
oscillator intact would have a shorter τ in darkness, and mainly be decelerated by light.
In constant conditions with increasing light intensity, the period length should
lengthen more than an intact pacemaker. A pacemaker with only a functional M
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oscillator, on the other hand, should have a longer τ in darkness and be accelerated by
light. In constant conditions with increasing light intensity, the circadian period should
gradually shorten. 
As long as a possible structure or location for E or M components is unknown, these
predictions can not properly be tested experimentally. If present, the components
should be sought in the mammalian suprachiasmatic nuclei since these nuclei retain
information encoding prior daylength (e.g. Sumová and Ilnerová 1998; Jagota et al.
2000). E and M are unlikely to be involved in the phenomenon of splitting, although
splitting inspired the original theory. Splitting with coupling of two components in 180°
antiphase requires functional identity rather than differentiation of the components
(Daan and Berde 1978b), as indeed observed in the response of split components
towards light pulses (Meijer et al. 1990). Splitting has now been demonstrated to
involve separation of the left and right SCN (de la Iglesia et al. 2000) (see chapter 10). 
The recent unraveling of molecular genetic feedback loops involved in the generation
of circadian rhythmicity, and the possibility to modify core oscillator genes in mice
(van der Horst et al. 1999; Albrecht et al. 2001) led to an attempt to identify genetic
components with the E-M concept (Daan et al. 2001). This hypothesis yielded a
number of specific testable predictions for mice with disabled genetic core clock
elements. 
The first signs revealed by the phenotype of mice with mutations in clock genes were
indicative for a duality in the oscillating group of clock genes. Mice mutant for one of
the Per genes seemed to lose the ability to either phase advance or delay (Albrecht et
al. 2001), and knocking out one of the Cry genes induced either a significant increase
or decrease in the free running period (van der Horst et al. 1999). In addition, mice
without functional Per1 and Per2 were completely arrhythmic with only masking
behavior in an LD cycle (Bae et al. 2001), and so were mice without mCry1 and mCry2
(van der Horst et al. 1999).

Test of the model in mutant mice
Phase shifts and cFos expression
In order to investigate whether the specific properties in resetting found by Albrecht et
al (2001) were not due to differences in phase angle during entrainment, and to obtain
a complete picture of the phase resetting capabilities of the mutant mice, we measured
a full PRC in both Per and both Cry mutants (Chapter 6). In contrast to the data on
phase shifts to light pulses directly after entrainment from Per mutant mice (Albrecht
et al. 2001), all genotypes tested (mPer1Brdm1, mPer2Brdm1, mCry1-/-, mCry2-/-, wildtype)
were able to respond with both phase advances and phase delays when exposed to
light pulses in freerun, albeit with clear quantitative differentiation. The most
prominent difference from wildtype mice was observed in Per2 mutants. This genotype
has a PRC that is elevated in both the advance and delay region (InT 18 – 10 h)
compared to wildtype mice. While these differences may not be impressive compared
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to the absolute differences in phase shifts found by Albrecht et al. (2001), one should
realize that a slight elevation of a PRC implies drastic changes in the way an organism
responds to different light conditions. If the response to light of an intact circadian
system is tuned to induce an appropriate, phase dependent phase shift, a small but
structural elevation or lowering of the PRC will directly have an impact on
entrainment properties. 
The cFos induction in the SCN of mPer mutant mice, did not show a differential
response to light in the subjective evening or morning (Chapter 7). In mPer2Brdm1 mice,
light induced responses were severely reduced in both entrained and freerun
conditions. If the presence of mPer2 protein is directly responsible for a phase delay
(Muñoz et al. 2005) these observations tally with the elevation of the mPer2Brdm1 PRC.
In the mPer1Brdm1 in freerun no significant differences with wildtype mice are observed,
neither in cFos expression nor in phase shifting. In entrained conditions, in contrast,
there is reduced cFos sensitivity in mPer1Brdm1 mutants in the subjective evening,
without accompanying reduction in phase shift. Clearly there was no proportional
relationship between cFos expression and the extent of the phase shift.
The results for phase resetting in the Cry mutant mice are less conclusive. Both mCry1-/-

and mCry2-/- did show phase advances and phase delays. Significant differences were
restricted to the delay section of the PRC (InT 18 – 02) where mCry1 mutant mice
showed larger delays compared to mCry mutant mice. The cFos response to light pulses
in the mCry mutant mice in entrained conditions showed that mCry1-/- had suppressed
cFos in the morning, mCry2-/- in the evening. Although seemingly consistent with the
EM model, we should realize that cFos expression does not predict phase shifts.
Furthertmore, there was considerable variation between the cFos responses in
entrained end freerunning conditions. Thus the cFos response presumably reflects
differences in the gating of the light input to the pacemaker rather than the internal
machinery of that pacemaker.

τ Changes in LL
A powerful test of predictions derived from the EM hypothesis is the assessment of
the circadian phenotype in constant light with increasing intensity. It was predicted
originally that animals lacking a functional morning oscillator component (Per1 or
Cry1) should lengthen their τ more than wildtypes, and that animals lacking a
functional evening component (Per2 or Cry2) should shorten t in LL. This was first
tested by Steinlechner et al (2002a) who found indeed that these predictions were
upheld for mPer1 and mPer2 mutants. Shortening τ with increasing light intensity is a
remarkable phenotype, not shown by any wildtype mammal species, and in accordance
with the prediction for the circadian response of an organism carrying only an intact M
oscillator. In order to duplicate these important findings, and to apply the same test to
the mCry1and mCry2 mutant mice, we repeated the LL experiment for mPer1Brdm1,
mPer2Brdm1, mCry1-/-, mCry2-/- and corresponding wildtype mice. In our setup
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mPer2Brdm1 mice decreased, and mPer1Brdm1 mice increased period length in LL, fully
confirming the results of Steinlecher et al (2002a). In order to elucidate the effects of
LL on the molecular system, Muñoz et al (2005) measured transcription and protein
levels of mCRY1, mCRY2, mPer1, mPer2 in LL. After 50 days of constant light, mPER2
(protein) levels in the SCN of wildtype mice were constantly elevated. The authors
suggested that this could be a molecular explanation for Aschoff ’s rule if these
elevated mPer2 levels induce persistent phase delays. In mPer2Brdm1 mice, these
quantities of mPer2 protein are not present, and therefore cannot induce these
permanent delaying effects. Long term light failed to induce permanent transcription
of mPer1 or permanent high mPer1 levels. The τ shortening effect might therefore not
be attributable to the contribution of mPer1 to the molecular clock system.
The circadian activity pattern in mCry mutant mice in LL was clearly different, both
mCry1-/- and mCry2-/- increased in period length with increasing light intensity. Hence,
although the DD period length of both genotypes indicates a differential function for
the Cry genes, the LL phenotype does not indicate a function of either mCry gene in an
E or M like oscillator. 

Rhythmicity
The collection of phase responses in DD for the assessment of its PRC was
complicated by reduced circadian rhythmicity in locomotor activity in all mutant mice.
Of all genotypes, mPer2Brdm1 mice were most affected and suffered frequently from
complete arrhythmicity. When placed in LL, however, mPer2Brdm1 mice not only retain
circadian rhythmicity (Steinlechner et al. 2002a), but spontaneously regain rhythmicity
when arrhythmic in locomotor activity by prior DD without intermediate entrainment
(Chapter 9). Circadian rhythmicity of behaviour in mPer1 seems to be inversely
proportional to mPer2Brdm1: mPer1Brdm1 spontaneously regained rhythmicity with
decreasing light intensity after having been made arrhythmic by prior LL. The latter
finding does not tally with the observations by Steinlechner et al. 2002a) who reported
persistent circadian rhythmicity for mPer2Brdm1 mice in LL.
A possible explanation for the improved rhythmicity in LL in mPer2Brdm1 mice could be
the absence of constantly elevated levels of mPER2 in the SCN. These may be
responsible for a progressive instability of the circadian rhythm. In wildtype mice that
are kept for 50 days in LL, mPer2 is transcribed rhythmically but mPER2 levels are
constantly high (Muñoz et al. 2005). Comparable, but less distinct results for expression
patterns and protein levels for mPer2 were found by Sudo et al (2003) in mice that were
exposed to LL for 7 days. The mClock mutant is another genotype that retains and even
regains circadian rhythmicity in LL, as we reported in Chapter 5 (Spoelstra et al. 2002).
In these mice the SCN mPer2 transcription rhythm is severely blunted (Jin et al. 1999).
mPer2 and mClock mutant mice may agree in not being exposed to high mPer2 protein
levels in LL. Additional experiments are necessary in order to reveal whether these
elevated mPer2 levels indeed lead to (behavioural) arrhythmicity.
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ψ and α changes with skeleton photoperiods.
Since the EM hypothesis intends to explain the ability of organisms to adapt their
activity pattern to changing day length, a logical step is to subject circadian mutants to
different photoperiods. If the onset of activity is delayed by the E component and the
offset is advanced by the M component in a nocturnal mammal, a system lacking
either component will not be able to compress α. In LD cycles with subjective night
lengths longer than 6 hours, activity is normally restricted to the dark phase of the
photoperiod by masking. In order to avoid this problem, we have used a skeleton
photoperiod to gradually compress α, thereby allowing activity in the subjective day
(Chapter 8). Another advantage of a skeleton photoperiod that gradually compresses
the subjective night is the possibility to record the minimum length of the subjective
night before the circadian system ‘decides’ to replace the (compressed) subjective
night for the (long) subjective day. When exposed to this protocol, wildtype mice
indeed do compress their nocturnal activity before they break lose of the subjective
night and reentrain to the preceeding subjective day. mCry1-/- shows least compression
of its nocturnal activity and is tied to a light pulse in its subjective night. mCry1-/- mice
entrain to a light pulse in the subjective morning, compress their activity with the
shortening of the subjective night and eventually reentrain to the previous subjective
day by delaying their activity rhythm. Activity rhythms of both mPer1Brdm1 and
mPer2Brdm1 eventually became too unstable as soon as the light regime was switched to
a skeleton photoperiod. This experiment has therefore to be repeated with mPer1Brdm1

and mPer2Brdm1 mice with an additional mutation in the mCry1 and mCry2 gene,
respectively (see perspective). So, at least one mutant shows reduced α compression,
but additional work is necessary. 

Are knockouts useful ?
An important question is whether circadian mutants form a suitable model for testing
circadian properties such as the presence or absence of E or M components. A
mutation in a specific gene will affect all cells in the body where it is normally
expressed. Therefore the circadian phenotype of a clock mutant may not only reflect
the changed action in the master circadian pacemaker. All peripheral tissues tested
appear to contain the capacity for circadian rhythmicity (Yoo et al. 2004). There is no
solid evidence for effects from these peripheral clocks on the SCN. A strong peripheral
clock like the food entrainable oscillator appears to have no influence on the SCN
(Aschoff et al. 1982; Damiola et al. 2000; Stokkan et al. 2001). Since we can not a
priori exclude such effects, however, we can not be completely sure that a circadian
phenotype represents the properties of the SCN. 
Sujino et al (2003) have carried out experiments in which they studied the circadian
phenotype of (arrhythmic) host mice that received SCN grafts from embryonic tissue
from different genotypes. This is essentially the same as the work earlier done for tau
mutant hamsters by Ralph et al (1990). Circadian rhythmicity in DD in Clock mutant
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mice which have a weak circadian pacemaker (Vitaterna et al. 1994) or in mCry1-/-

mCry2-/- double knockout mice lacking both central and peripheral oscillators (van der
Horst et al. 1999; Albus et al. 2002) can be rescued by mouse fetal SCN tissue. The
circadian period in locomotor activity in DD of SCN-lesioned mice (wildtype or
heterozygous Clock mutant) that received fetal SCN grafts matched the free running
period length of the donor mice (Sujino et al. 2003). Hence, the period length of
peripheral oscillators had no effect on the period length of the master pacemaker. The
presence of robust peripheral oscillators in the host mice is apparently not necessary,
since homozygous clock mutant mice with SCN grafts from wild type mice display a
clear free running rhythm. The rhythm in DD of SCN lesioned double knockout
mCry1-/-mCry2-/- mice without functional peripheral oscillators (Yagita et al. 2001)
with SCN grafts from mCry2-/- single knockout or wild type mice shows that the
presence of functional peripheral oscillators is not required at all (Sujino et al. 2003). 
SCN grafting experiments can not provide insight in the effects of mutations or defects
in clock genes on the modulation of light before it reaches the SCN. The retina has its
own circadian oscillator - at least in Syrian hamsters (Tosini and Menaker 1996) - that
can in principle be affected by a mutation or deletion of one or more clock genes.
Although there is no evidence that retinal clocks are driven by endogenous
photoreceptor oscillators (Green and Besharse 2004), the input of Zeitgeber signals
might be clock controlled (Merrow et al. 2003; Geier et al. 2005). At the tissue level,
some evidence is available that SCN circadian rhythms are affected by the absence of
intact eyes (Yamazaki et al. 2002) or functional rod photoreceptors (Lupi et al. 1999).
However, data on pupil reflexes in mCry1-/- and mCry2-/- mice show little differences in
pupil constriction compared to wild type mice (Van Gelder et al. 2003). Witkovsky et
al (2003) studied the expression of mPer1 in specific cell types in the murine retina in
Per1::GFP mice and observed no mPer1 expression in retinal ganglions cells projecting
to the SCN.
Taken together, the current state of affairs is that despite the recently growing insight
that endogenous circadian rhythmicity is found in many tissues and to a large extent
independent of the presence of the SCN, the SCN still appears to be the master clock
controlling and synchronizing much of the rest of the body. It further plays a major
role in maintaining entrainment with the lightdark cycle, and in taking care of the
seasonal changes in the circadian program. At present, there is no evidence that a
circadian activity pattern in an organism with a reduced functionality of a core clock
gene reflects functional changes in tissues other than the SCN.

Protocols: free-running or entrainment?
According to the EM concept described in the original hypothesis (Pittendrigh and
Daan 1976c), differences in phase responses in freerun and entrainment are inevitable
due to a different internal phase relationship between the two oscillators. In circadian
mutants, these differences could be much more prominent if E or M is not fully
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functional since this will likely induce different external phase angle differences with
the Zeitgeber. That differences are present in the state of the pacemaker between
entrained and freerun conditions has been predicted by the original EM hypothesis
itself (Pittendrigh and Daan 1976c) and has become clear by the behavioural responses
(Chapter 6) and SCN cFos expression (Chapter 7) to light exposure in these two
conditions. 
The circadian system has evolved in entrained conditions. DD is not a natural situation
and the properties of the circadian system in DD may reflect derived aspects of the
mechanism that has its true function in entrainment. For a realistic functional insight
in the pacemaker, assessments in entrainment are therefore more effective. Phase
shifts as measured after entrainment (the “Aschoff type II” protocol) face other serious
practical problems that arise from the masking effects in an LD cycle. It can be difficult
to assess the circadian phase if the actual onset of activity is masked by anticipation of
lights-off.

Reinterpretation: dual components of a single oscillator
In a comprehensive argumentation, Roenneberg and Merrow (2003) have made clear
that the circadian system may consist of several feedback loops controlled by specific
and individual genes which in turn may interact with each other at different levels. In
this broad view of the putative mechanism of rhythm generation the two components
primarily responsible for locking on to dawn and dusk may well exist without each
acting as a fully selfsustained separate oscillator. A duality in the function of a subset
of genes may well have a specific E or M like function within a single group of inter-
acting genes forming a single circadian oscillator. In this more general formulation,
Per1/Cry1 might act as a Morning component of the system, and Per2/Cry2 as an
evening component of the system, even if neither is a separate self-sustained oscillator.
In Henrik Oster's experiments, a rhythm is still present in the combined Per1/Cry1
knockout (Oster et al. 2003a) and in the combined Per2/Cry2 knockout (Oster et al.
2002). Hence both separately have oscillatory capacity, and may be termed oscillators. 
Whether we speak of oscillators or merely of components, I conclude that the
predictions from the model concerning PRC, LL and photoperiod so far have virtually
all been upheld for the genes Per1 and Per2, but not for the genes cry1 and cry2. Thus
it appears that per1 truly behaves like part of a morning component in the oscillatory
machinery, while Per2 behaves like part of an evening component. There is no evidence
to support the contention that cry1 and cry2 specifically tie up with either of the PER
proteins, or otherwise specifically represent M or E components. 

Spatial differentiation ?
In Drosophila, recent evidence demonstrates the presence of two oscillators, one
regulating activity around the transition from dark to light (dawn) and one regulating
activity around the transition from light to dark (dusk). These two oscillators are
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located in the ventral (M oscillator) and dorsal (E oscillator) lateral neurons. Stoleru et
al (2004) eliminated the functionality of both groups separately of neurons by local
activation of a previously inserted cell-death gene. Elimination of the ventral lateral
neurons abolished the anticipatory activity preceding lights-on, and elimination of the
dorsal lateral neurons removed anticipatory activity preceding lights-off. In dPer
mutant flies, rescue of expression in ventral lateral neurons restores the anticipation of
lights-on, and rescue of expression in both ventral and dorsal lateral neurons restores
anticipation to both lights-on and lights-off (Grima et al. 2004). In cryb ss1 flies,
drosophila circadian rhythms dissociate in a fast and a slow component in LL. PER
expression in the dorsal lateral neurons correlates with the slow period component,
and PER expression in the ventral lateral neurons correlates with the fast component
(Yoshii et al. 2004). Thus, both oscillators are clearly present in Drosophila, and are
spatially separated in different groups of neurons. Stoleru et al (2004) also provided
evidence that the morning and evening oscillators in Drosophila employ different
genes: PDF and CRY, respectively. 
If, in the mammalian circadian system, specific genes are differentially affected by light
perception, these genes may induce spatial differences in the activity of pacemaker
cells within the SCN. Clear differences exist between expression patterns and output
factors between the ventrolateral SCN (core) and dorsomedial SCN (shell; e.g. Yan and
Silver 2002; de la Iglesia et al. 2004; Hamada et al. 2004). There are no indication for a
possible role of SCN subregions in tracking dusk and dawn. The two peaks in multi-
unit activity (MUA) that follow dusk and dawn in horizontal slices in hamster (Jagota
et al. 2000) are observed in single derivations in (horizontal) SCN slices. Possible E
and M like properties in circadian behavior of SCN subregions might only be found if
slices are studied that are prepared in a different orientation or if differences are
studied in consecutive slices from the dorsal towards the caudal part of the SCN. As
the Drosophila situations shows, a duality in the function of specific genes does not
exclude a spatial organization of possible E and M oscillators.

PERSPECTIVE

At the end of this thesis I wish to list some of the major questions looming ahead in
the functional analysis of rodent circadian pacemakers in relation to the E/M system.

(a) The first is the question of functionality. The exploitation of an Evening - Morning
system may have clear consequences both for the flexible adjustment of the
endogenous daily program to the external daylength, but also for the measurement of
the time of year in seasonal reproduction (Pittendrigh and Daan 1976c). One might
expect that strictly seasonal animals require a tighter locking on of two components to
dawn and dusk, respectively than year-round breeders. Thus, a comparative approach
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to the study of functional oscillator structure will be very important in the future. In
this context recent findings in a strictly seasonal species, the Djungarian hamster,
which even changes coat colour in response to daylength (Kuhlmann et al. 2003), are
of particular interest. Steinlechner et al (2002b) exposed Djungarian hamsters
(Phodopus sungorus), entrained to a 16:8 light/dark cycle to light pulses in the
subjective night. Light pulses in the beginning of the subjective night induced α
compression by a delay of the onset of activity (measured by body temperature) and an
advance of the offset. A light pulse in the end of the subjective night induced α
compression by an advance in the offset only. When the latter light pulse was followed
by a light pulse early in the subjective night, profound arrhythmicity could be induced
that lasted up to several months. Since this arrhythmicity is observed in body
temperature, melatonin rhythm and activity it is likely that the central pacemaker has
become arrhythmic itself. It would be highly interesting to combine Steinlechner’s
(2002b) experimental setup with electrophysiological measurements as done by Jagota
(2000) to assess whether indeed ψEM is changed to a totally dysfunctional distance
such that arrhythmicity ensues. It may be true that the more an organism is dependent
on seasonal timing, the better it would be to have a weak internal coupling of both
oscillators in order to keep sufficiently track of changing day length. A laboratory
species such as Mus musculus possibly has lost much of its seasonal adjustment
through unavoidable artificial selection against short day suppression of reproduction.
The strong focus on genomic analysis on such species may well hamper progress in
our insight. There is a strong need for comparative approaches in different animal
species. The assessment of the capacity of different species to adapt their behavior to
different day length will clarify whether this function is actually preserved. Especially
such insights are required for the ancestor of our lab mice, the domestic house mouse
(Mus musculus). 
b) The ability of α compression and expansion - although crucial for the functional
interpretation of a dual pacemaking system - in mice mutant for circadian clock genes
is unfortunately not clear yet for the mPer mutant mice (chapter 8). We faced the
drawback that mPer1 or mPer2 single mutants even when rhythmic have a very
scattered circadian rhythm in locomotor behaviour, without clearly discernible and
measureable activity time. Therefore we need to measure α compression in these
mutants using a different protocol. The use of the double mutant mPer-mCry mice that
show the same phenotype in phase resetting as the single mPer mutant mice (Oster et
al. 2002; Oster et al. 2003a) in these experiments may turn out to be useful, since the
mPer2Brdm1mCry2-/- mice have a much more stable circadian rhythm than
mPer2Brdm1mCry2+/+ (Oster et al. 2002).
d) Finally, the advent of Genomics now allows a wholly new series of questions to be
asked. We have only embarked on a very preliminary attempt towards integration of
genomic manipulations and formal circadian analysis. The new possibilities are
bewildering. One issue is the potential for whole genome analysis of circadian timing
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of gene transcription. By the use of DNA chip arrays, Panda et al. (2002a) have shown
that many genes undergo strong circadian oscillations in transcription. Of the genes,
transcribed in the SCN a majority has peak expression in LD 12:12 either around
External Time 16 (ExT16) or ExT04. Their expression thus appears to anticipate
lights-off (ExT 18) or lights-on (ExT 6). Whether the transcription of these genes is
phase locked to dawn and dusk under naturally changing photoperiodic regimes
remains to be seen. Those genes that will, will be strong candidates for further leads
towards understanding the adaptive physiology in the face of change in daylength. 
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Nederlandse samenvatting

Vrijwel alle fysiologische processen in het lichaam zijn onderhevig aan een 24-uurs ritme. Ook
gedrag volgt dagelijkse vaste patronen. Deze worden inwendig gegenereerd in een zogenaamd
circadiaan ritme. Een juiste timing van fysiologische processen en gedrag is voor dieren en
planten van evolutionair voordeel, bijvoorbeeld door anticipatie op voorspelbare veranderingen
in de leefomgeving en de afstemming van gedrag daarop. Het verbruik van energie en de kans
op overleving en nakomelingschap kan zo worden geoptimaliseerd. Het dag/nacht-ritme wordt
gecoördineerd door de inwendige circadiane klok, die zich bij zoogdieren in de
SupraChiasmatische Nuclei (SCN) in de basis van de hersenen bevindt. De SCN bestaan uit
zenuwcellen (neuronen) met elk een afzonderlijk circadiaan ritme, dat wordt gedreven door
een moleculaire klok binnen de cel. Door onderlinge koppeling van deze neuronen heeft de
SCN als geheel een robuust dag/nacht-ritme van elektrische activiteit en van de afgifte van
signaalstoffen. De SCN kunnen door verschillende externe prikkels worden gesynchroniseerd,
maar dit gebeurt in de eerste plaats door de externe licht/donker-cyclus. Deze synchronisatie
noemt men entrainment of entrainering. In het laboratorium kan het inwendige circadiane
ritme zichtbaar worden gemaakt door in constante duisternis de activiteit te meten van
organismen, die voorafgaand geentraineerd zijn aan een normale licht/donker-cyclus
gedurende enige tijd. 

Dit proefschrift gaat over het proces van entrainering. Het eerste deel behandelt de eigen-
schappen van de circadiane klok die vereist zijn voor entrainment onder verschillende licht-
condities. Het tweede deel beschrijft een reeks experimenten waarin voorspellingen worden
getoetst die voortkomen uit een theorie over de moleculair-genetische basis van het systeem. 



1. Synchronisatie met de natuurlijke licht/donker-cyclus 

Hoe verloopt het proces van entrainering? Het klassieke en algemeen aanvaarde model
van phase resetting, geïntroduceerd door C. S. Pittendrigh, is gebaseerd op directe en
snelle verschuivingen van de circadiane fase. Volgens dit model zou een circadiane klok
die te langzaam of te snel loopt dagelijks gelijk gezet moeten worden. Fasever-
schuivingen in het activiteitsritme van dieren in constante duisternis, teweeggebracht
door korte lichtpulsen, onderbouwen dit model. De richting en grootte van deze
verschuivingen is afhankelijk van het moment binnen de circadiane cyclus (de fase)
waarop men de lichtpulsen toedient. De faseverschuivingen worden uitgezet in een
Phase Response Curve (PRC, voor een voorbeeld zie figuur 6.7). Op de horizontale as
staat de interne tijd (InT, 0 – 24 uur) waarop de lichtpuls is gegeven, op de verticale as
de resulterende faseverschuiving. In de ochtendfase van de circadiane klok zijn
faseverschuivingen positief (de klok wordt vooruit gezet), en in de avondfase negatief
(de klok wordt terug gezet). Midden op de dag zijn er vrijwel geen faseverschuivingen.

Het nut van dit mechanisme is begrijpelijk: als de circadiane klok van een dagactief
dier voorloopt en daardoor al voor de dageraad activiteit veroorzaakt, zal de circadiane
klok in zijn ochtendfase minder en in zijn avondfase sterker worden belicht. In reactie
daarop zal de klok ’s morgens minder naar voren schuiven, en ’s avonds meer naar
achteren. De voorlopende klok wordt hierdoor bijgesteld. Daarentegen zal een
achterlopende circadiane klok juist in de ochtendfase meer en in de avondfase minder
worden belicht. Ook deze klok zal door de waarneming van licht worden bijgesteld.
Hetzelfde principe geldt voor nachtactieve dieren; de vorm van de PRC’s van nacht- en
dagactieve organismen komt dan ook overeen. 

Om te kunnen entraineren volgens dit model is het van belang dat als een dier te vroeg
of te laat actief is, er direct een verschil optreedt in de hoeveelheid licht die het dier ’s
ochtends en ’s avonds waarneemt. Dat betekent dat entrainment van de circadiane
klok volgens dit model pas mogelijk is wanneer het begin of het eind van de activiteit
grenst aan een van beide schemerperioden, de dagelijkse momenten waarop de
lichtintensiteit het snelst toe- en afneemt. Het gegeven dat het activiteitsritme van
bijvoorbeeld muizen te entraineren is aan de hand van een korte lichtpuls aan het
begin en eind van de activiteit ondersteunt deze theorie. Het maakt daarbij bovendien
niet uit of de circadiane klok te maken heeft met lichtpuls van oplopende intensiteit
(een ‘dawn’ puls) of teruglopende intensiteit (een ‘dusk’-puls; hoofdstuk 4).

Het resetting model is ontoereikend als het circadiane systeem van een organisme niet
bereikbaar is voor lichtinformatie op of rondom de momenten waarop het schemert.
Dit is het geval bij holbewoners zoals de siesel (Spermophilus citellus), een grond-
eekhoornsoort die zich consequent pas lang na de ochtendschemer boven de grond
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vertoont, en zich lang voor de avondschemer weer terugtrekt onder de grond. Een
dergelijk activiteitspatroon maakt het lastig voor het dier om afwijkingen van zijn klok
op te merken. Als siesels ’s morgens wat eerder of wat later boven de grond komen zal
het verschil in lichtintensiteit ten gevolge van het verschil in de stand van de zon klein
zijn ten opzichte van de intensiteitsverschillen door veranderende weersomstandig-
heden. Alleen als de lengte van de circadiane periode (τ) heel dicht bij 24 uur ligt kan
het dier de lichtinformatie over meerdere dagen gebruiken om zijn gedragsritme aan te
passen. Een stabilisatie van de circadiane periode op 24 uur is mogelijk als de
circadiane klok onder invloed van licht niet alleen faseverschuivingen laat zien, maar
ook veranderingen in de lengte van τ. Dat is in de praktijk ook het geval. Het
vooruitzetten van de circadiane klok gaat vaak samen met een verkorting van τ, het
terugzetten met een verlenging van τ. Een verschil met faseverschuivingen is dat
veranderingen in τ langer aanhouden. Hierdoor kan lichtinformatie over langere tijd
worden geïntegreerd. 

Siesels kunnen alleen tijdinformatie halen uit een kleine afname van lichtintensiteit
aan het eind van de middag. Tegelijkertijd introduceren siesels zelf grote variatie in
hun blootstelling aan licht door zich overdag regelmatig onder de grond terug te
trekken. Daardoor is het aannemelijk dat deze dagelijks herhaalde tijdinformatie over
langere tijd wordt geïntegreerd. Verder ligt het voor de hand dat het effect van die
afname in lichtintensiteit op het circadiane systeem van siesels afhankelijk is van de
circadiane fase. Deze aannamen hebben we in een natuurlijk experiment getoetst bij
een populatie siesels nabij Wenen tijdens de zonsverduistering van 11 augustus 1999
(hoofdstuk 3). Het blijkt inderdaad dat een eenmalige, niet door het eigen gedrag
geïnduceerde, sterke (ongeveer honderdvoudige) afname in lichtintensiteit midden op
de dag het gedrag en de circadiane klok van siesels niet meetbaar verstoort.

Ons eigen circadiane ‘gedrag’ is vergelijkbaar met dat van de siesel. Mensen bepalen
eveneens hun eigen blootstelling aan licht: in onze huizen onttrekken we ons aan de
veranderingen in de natuurlijke licht/donker-cyclus, terwijl we kunstmatig snelle
veranderingen introduceren. Aan de hand van een analyse van het lichtprofiel waaraan
mensen zich daadwerkelijk hebben blootgesteld (hoofdstuk 2) wordt duidelijk dat de
precisie van entrainment toeneemt als er naast faseverschuivingen in reactie op licht
ook veranderingen optreden in periodelengte. De analyses geven een extra onder-
bouwing van de betekenis van lange-termijn integratie van licht-informatie naast de
acute faseverschuivingen van het klassieke model.
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2. Entrainment en daglengte: een dubbel moleculair systeem? 

Naarmate organismen verder van de evenaar leven, wordt het naast de circadiane
timing van gedrag steeds belangrijker om het activiteitspatroon aan te passen aan de
jaarlijkse veranderingen in daglengte. Over de hiertoe vereiste flexibiliteit van het
circadiane systeem die veranderingen in het activiteitspatroon mogelijk maakt bestaat
een tweede klassiek model van Pittendrigh uit 1976. Het verklaart een aantal
functionele eigenschappen van de klok, waaronder aanpassing van de activiteitsduur
aan de daglengte. In deze hypothese bestaat de circadiane klok uit twee onderling
gekoppelde oscillatoren, waarvan de een het begin en de ander het eind van de activi-
teitsfase regelt. Bij nachtactieve dieren regelt de Evening (E) oscillator de start van de
activiteit, en de Morning (M) oscillator het einde van de activiteit. Bij dagactieve dieren
is dit andersom.

Beide oscillatoren hebben een circadiaan ritme. De E-oscillator heeft volgens de
theorie een relatief korte periode in het donker, en wordt door licht juist vertraagd. De
E-oscillator heeft daardoor de neiging bij verandering in daglengte de avondscheme-
ring te volgen. De M-oscillator volgt vooral de overgang van donker naar licht doordat
deze een lange periode heeft in het donker, en door licht wordt versneld. Wanneer de
dag-lengte verandert, verandert de onderlinge afstand in de tijd (het fasehoekverschil)
tussen de E- en de M-oscillator. Een onderlinge koppeling tussen de twee oscillatoren
begrenst dit verschil, zodat het niet te groot en niet te klein wordt. 

Deze EM-hypothese levert duidelijke voorspellingen voor organismen die slechts één
werkende oscillator hebben. Het circadiane ritme van een dier met alleen een E-
oscillator is sneller (τ is kort) in constante duisternis (DD), en langzamer in constant
licht (LL). Het ritme in LL wordt extra vertraagd als de lichtintensiteit groter is. Korte
lichtpulsen in DD zullen de circadiane klok vooral terug zetten. Met alleen een
werkende M-oscillator is het circadiane ritme juist traag in DD (τ is lang) en snel in
LL. Bij toenemende lichtintensiteit in LL zal het circadiane ritme sterker versnellen.
Korte lichtpulsen in DD zullen de circadiane klok vooral vooruit zetten. Dieren zoals
de huismuis (Mus musculus) hebben normaal gesproken een cyclusduur τ in DD en LL
van respectievelijk iets minder en iets meer dan 24 uur, wat verklaard kan worden door
dominantie van de E-oscillator. Als de E- en de M-oscillator beide niet werken, zou een
organisme helemaal geen circadiaan ritme meer hebben. 

Zulke voorspellingen waren niet toetsbaar zolang de hypothese niet precies definieerde
wat de E- en de M-oscillator was. Daarmee was de E-M hypothese niet meer dan een
populaire theorie die vele fenomenen kon verklaren die niet vanuit een enkele simpele
oscillator te verklaren zijn. Een specifieke moleculaire versie van de theorie werd
geformuleerd door Daan c.s. in 2001, geïnspireerd door het feit dat een aantal
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sleutelgenen in het moleculaire circadiane systeem bij zoogdieren in duplo voorkomen.
Dit zijn de Per- en Cry-genen, die essentiële onderdelen vormen van de moleculaire
klok in de neuronen van de SCN. Hoofdstukken 6 t/m 9 gaan over deze moleculaire E-
M hypothese.

Rond 1999 kwamen muizenstammen beschikbaar waarin een van de twee Per-genen of
een van de twee Cry-genen is uitgeschakeld. De circadiane klok van muizen met een
mutatie in het Per1-gen kon niet vooruit worden gezet door lichtpulsen in de ochtend,
terwijl die van muizen met een mutatie in het Per2-gen door licht in de avond niet kon
worden teruggezet. Muizen met een mutatie in beide Per-genen hebben inderdaad
geen circadiaan ritme. Muizen met een mutatie in het Cry1-gen hebben een
buitengewoon korte τ in DD, terwijl Cry2-mutante muizen in DD een zeer lange τ
hebben. Wederom hebben muizen met een mutatie in beide Cry-genen geen circadiaan
ritme. 

De vraag was of de eigenschappen van het circadiane gedrag van Cry1- en Per1-
mutante muizen overeenkomen met alle voorspellingen over het gedrag van een dier
met alleen een werkende E-oscillator, en of die van Cry2- en Per2-mutante muizen
overeenkomen met alle voorspellingen over het gedrag van een dier met alleen een
werkende M-oscillator. Ik heb daarom een complete Phase Response Curve gemeten
bij deze muizen (hoofdstuk 6) en de lengte van τ gemeten in DD en LL met licht van
toenemende intensiteit (hoofdstuk 9). Uit de resultaten van het PRC-experiment komt
naar voren dat de circadiane klok van Per2-mutante muizen door korte lichtpulsen in
DD inderdaad meer vooruit kan worden gezet en in mindere mate achteruit.
Bovendien laten Per2-mutante muizen in LL als enig genotype een duidelijke
verkorting van τ zien, terwijl τ bij Per1-mutanten juist bijzonder lang wordt. De sterkte
van het circadiane gedragsritme van Per1- en Per2-mutante muizen verschilt bovendien
zeer in LL: Per1-mutante muizen verliezen net als wildtype muizen langzaam hun
circadiane ritme in LL, maar dat van Per2-mutante muizen wordt in LL juist sterker.
Het behoud van ritmiciteit in muizen in constant licht hadden wij eerder al gevonden
bij muizen met een mutatie in het Clock-gen (hoofdstuk 5). Noch bij Clock-, noch bij
Per2-mutanten is daar een sluitende verklaring voor.

In overeenstemming met het model kunnen korte lichtpulsen in DD de circadiane klok
van muizen met een mutatie in het Cry1-gen in sterkere mate terug zetten dan die van
Cry2-mutante muizen. Echter, in tegenstelling tot de voorspelling laten Cry1- en Cry2-
mutante muizen beide in LL een verlenging van τ zien bij toenemende lichtintensiteit,
waar we juist een verkorting van τ verwachtten bij de Cry2-mutante muizen.

Logischerwijs zijn er ook duidelijke voorspellingen over het aanpassingsvermogen van
het activiteitspatroon aan de verandering van daglengte als er alleen een werkende E-

Samenvatting

153



of M-oscillator is. In beide gevallen zal de duur van de activiteitsfase minder kunnen
worden verkort, omdat bij het begin of het eind van de activiteit E of M wegvalt. In een
experiment heb ik geprobeerd om de activiteit van Per- en Cry- mutante muizen te
comprimeren door de nacht langzaam korter te maken (hoofdstuk 8). De resultaten
zijn niet eenduidig: de activiteitsfase van Cry1-mutante muizen kon worden gecom-
primeerd, die van Cry2-mutante muizen niet. Het circadiane ritme van de Per-mutante
muizen was niet stabiel genoeg om betrouwbare metingen aan te kunnen doen.

Alle gegevens samen laten zien dat de voorspellingen van het moleculaire EM-model
niet volledig overeenstemmen met het circadiane gedrag van Cry-mutante muizen,
maar wel met het circadiane gedrag van Per-mutante muizen. Hiermee kan het model
voor wat betreft de betrokkenheid van de Cry-genen bij E en M worden verworpen. De
betrokkenheid van Per1 en Per2 bij de reactie van de circadiane klok op licht is in vele
opzichten tegengesteld aan elkaar en precies conform de voorspellingen van het model.
De conclusie is dus dat er zeer waarschijnlijk op moleculair niveau van een functionele
dualiteit sprake is, maar dat de specifieke invulling die hier in het model aan gegeven
is, niet juist is. Voor de ontwikkeling van een verbeterd model is het nu eerst nodig om
aanvullende experimenten uit te voeren, waaronder het testen van de aanpassing van
het activiteitspatroon aan daglengte bij de Per-mutante muizen in een protocol waarbij
de stabiliteit van het circadiane ritme beter behouden blijft. Het circadiane systeem dat
ten grondslag ligt aan de timing van gedrag biedt daarbij voor de gedragsbiologie
unieke mogelijkheden om adaptieve (zich aanpassende) mechanismen tot op het
niveau van de mole-culaire basis te ontrafelen. 
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De afgelopen zes jaar waren heel kleurrijk en afwisselend. Tijdens dit aio-project kwam
ik op veel plaatsen en had met veel verschillende mensen te maken. Dankzij hen ben ik
in staat geweest om al het onderzoek in dit proefschrift uit te voeren en dit promotie-
project succesvol af te ronden.

De samenstelling van het onderzoek waarover u in dit proefschrift leest, is anders dan
oorspronkelijk gepland was. Naast onderzoek naar de rol van periode-aanpassingen
voor entrainment vormt onderzoek naar de structuur van de circadiane klok nu een
belangrijk onderdeel. Het onderzoek naar dit laatste werd mogelijk door het beschik-
baar komen van muizen met mutaties in de genen die de kern vormen van de
circadiane klok. In zekere zin was dat een uitkomst voor mij, want de ontwikkeling van
de benodigde apparatuur voor het onderzoek naar het eerste thema duurde heel wat
langer dan gepland. De bouw van dit systeem heeft bijzonder veel aandacht en tijd
gevergd, en kon daardoor uitendelijk maar voor een klein deel van de geplande experi-
menten worden ingezet. Het doet mij deugd dat het ACIS-systeem op dit moment
volop in gebruik is en grote hoeveelheden gegevens levert. 

Aan het eind van dit project wil ik graag een aantal mensen bedanken. In de eerste
plaats zijn dat mijn promotoren Serge Daan en Domien Beersma. Bij beiden kon ik
altijd binnenvallen met vragen over de opzet van experimenten, de verwerking van
gegevens en de theorie achter de materie. Discussies met hen over entrainment-
vraagstukken, de opzet van experimenten en de methoden van gegevensverwerking
waren vaak zeer enthousiasmerend. 
Serge heeft gedurende dit project veel werk voor mij verzet, en mij ruimschoots de
nodige middelen ter beschikking gesteld. Ik leerde veel van zijn precisie van omgang
met en interpretatie van gegevens. Serge heeft mij bovendien zeer geholpen bij het
opschrijven van alle materie waaruit dit proefschrift bestaat. Vaak kreeg ik correcties
en aanvullingen al binnen een paar uur retour. Ik ben heel blij dat de samenwerking nu
wordt voortgezet in het Bubonizi-project in Rusland.
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Domien heeft mij vaak geholpen met de verwerking van grote hoeveelheden gegevens,
bijvoorbeeld in de vorm van kleine programma’s die zeer veel werk bespaarden. Onder
andere daardoor zag ik de potentie en de vrijheid van het zelf kunnen programmeren.
Het analyseren van ingewikkelde problemen en het helder uiteenzetten van modellen
is iets wat Domien buitengewoon goed in zijn vingers heeft. Daar heb ik vaak van
kunnen profiteren. 

Veel dank ben ik verschuldigd aan de ondersteunende diensten op het Biologisch
Centrum. De bouw van het ACIS-systeem heeft veel tijd en energie gevergd van
alledrie de werkplaatsen. Voor wat betreft specificaties en eigenschappen van het
systeem lag de lat dan ook erg hoog. Wim Veenema en Roelie van Zonneveld zorgden
voor het houtwerk voor de 24 compartimenten waaruit het systeem bestaat. Ger
Veltman vervaardigde de mechanische onderdelen en zorgde voor een groot deel van
de afwerking. Piet Molenkamp maakte het frame waar het hele systeem op rust. Wim
Beukema, Roy Voll en Edzo Paap verzorgden de besturingselektronica. Wim Beukema
schreef bovendien de software die het hele systeem aanstuurt. 
Los van het ACIS-systeem ben ik vaak door bovengenoemde mensen geholpen met
allerlei andere klussen, met name door Ger Veltman. Herman van Hengelaar vervaar-
digde de grote aantallen loopwielkooien die nodig waren voor de gedragsregistraties.
Joop Luider hielp met de elektronica van de klimaatkamers. 

Tijdens dit project zijn mijn dieren altijd goed verzorgd door Roelie, Sjoerd, Tosca,
Adriana, Jaap en Saskia. Monique Huizinga wil ik in het bijzonder danken voor de
voortvarendheid en nauwkeurigheid waarmee zij de verzorging van de muizenkweek
heeft overgenomen. 

De structurele praktische hulp die ik kreeg van Gerard Overkamp was tijdens dit
project onmisbaar. Gerard hielp me met alles wat met dieren en materiaal te maken
had: de inrichting en bekabeling van klimaatkamers, de bouw van het ACIS-systeem,
de DEC-aanvragen, de start van de mutantenkweek, de jaaropgaven van proefdieren
(die wel eens wat meer tijd in beslag namen dan gepland), het ontwerp van
onderzoeksmateriaal, ik kan nog lang doorgaan.
Met Roelof Hut heb ik heel prettig samengewerkt. Ik heb een goede herinnering aan
de vele discussies over entrainment, experimentele setup en uitwerking van gegevens,
en ook aan het nachtenlang experimenteren. Together with Gosia I did the first
experiment with circadian mutants, and carried out a part of the cFos work. I would
like to thank Gosia for all the work she did at Howard Cooper’s lab in Lyon to
complete the analysis of all these brains. Veel dank ben ik ook verschuldigd aan Verena
Brauer, die mij zeer heeft geholpen bij het bewerkelijke PRC-experiment. Aan Daan
van der Veen had ik een zeer sympathieke kamergenoot tijdens het laatste deel van
mijn aio-project. Heel wat dagen waren we beiden verdiept in een van de vele
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programma’s in wording. Daans gedetailleerde kennis van de programmeertaal kwam
(en komt nog steeds) meer dan eens van pas. 
Ik moet niet vergeten om mijn collega’s Roelof, Koen, Arjen en Barbara te bedanken
voor het verzamelen van het profiel van hun lichtconsumptie, essentieel voor het
draaien van de entrainment-simulaties aan het begin van dit project. Het moet een
hele geruststelling zijn dat jullie in theorie kunnen entraineren aan het licht wat jullie
dagelijks opvangen. 
Met veel plezier denk ik terug aan drie trips met Arjen Strijkstra naar Zuidoost Europa.
Ook al deed de maan het belangrijkste werk, mede dankzij Arjen is er een bruikbare
dataset verzameld tijdens de zonsverduistering in Wenen in 1999. For the practical
support during the souslik trips to Vienna, I would like to thank Thomas Ruf, Ilse
Hofmann and Ilse Millesi. 
Het onderzoek naar het circadiane fenotype van Per- en Cry-mutante muizen was
mogelijk doordat Urs Albrecht en Bert van der Horst deze dieren beschikbaar stelden
aan ons lab. Dankzij de hulp van Ines Chaves en Guido Meeuwissen kon een groot deel
van de Cry-mutanten worden gegenotypeerd. Leon leverde essentiële programmatuur
voor de verwerking van de grote hoeveelheden ERS-gegevens; ook nu ik zelf kan
programmeren maak ik daar nog steeds veelvuldig gebruik van. Ik ben ook zeer
tevreden over de ondersteuning door onze secretaresses Corine Bruins, Aukje Adams
en Suus Bakker-Geluk. Dick Visser heeft de lay-out van dit proefschrift verzorgd, en ik
ben zeer te spreken over het resultaat.

Voor de vele vaak zeer nuttige discussies over wetenschappelijke materie, maar ook
voor discussies over dingen buiten de wetenschap, en frequente hulp bij diverse
problemen wil ik graag mijn collega’s Menno, Martha, Marijke, Margriet, Bonnie, Ido,
Simon, Martijn, Melanie, Andrej, Marian, Nikolaus, Ate, Lobke, Leo, Corine, Peter,
Cor, Claudio, Wendt en Karen hartelijk bedanken.
Het was van tevoren moeilijk te voorzien hoe het zou zijn om als aio in Groningen te
werken en in Zwolle te wonen. Aio zijn is soms meer een manier van leven dan het
hebben van een baan; het is een voortzetting van je leven als student en voor velen ook
het studentenleven. Het Groningse ‘PhD student life’ ging dus deels aan mij voorbij.
Daar staat tegenover dat wanneer er eens echt iets te vieren viel, er altijd wel ergens
een bed voor mij klaar stond. Collega’s, bedankt voor jullie gastvrijheid! 

Aan verstrooiing naast mijn aio-werk was bepaald geen gebrek. De veldwerkgroep van
de VZZ staat garant voor een nu al lange reeks fantastische zoogdierstudiekampen in
heel Europa, en het veldwerkgroepsbestuur voor vele gezellige bijeenkomsten. Hans,
Jan Piet, Menno, Rollin, Jeroen, Jeroen, Eric, Erik, Jan, Jan, Kees, Kees, Joost, Paul,
Rudi, Frank, Bart en vele anderen, bedankt! 
Voor een groot deel van de nodige dosis buitenlucht tussendoor zorgde het Eerdense
vleermuisgezelschap; René, Theo, Albert en Daniël. Er is dan wel nog steeds geen

Dankwoord

157



Bechsteins vleermuis gezenderd, we hebben intussen heel wat meer kennis over het
gedrag van franjestaarten. Willem, Martijn, Lars, Silje, Joep, Cindy, Miranda, Dennis,
Bart, Marjon, Hans, Els, Wiesje, Jaap, Rolf, Wendie, Sander, Ellen, Arnold, An, Esther
Wim, barak 97: dank voor alle gezelligheid en de nodige afleiding. 

Gedurende het gehele project wist ik mij gesteund door mijn ouders, Loes en Sicco. Er
staan me de afgelopen jaren vele gezellige weekenden in Vierlingsbeek voor de geest
met Suzanna, Martien, Daan, Tilly en Annelies en niet te vergeten Rein, Iris en Joep.
En ik hoop dat er nog veel komen! Bij Bep en Leo ben ik ook altijd van harte welkom,
en ik hoop dat Arjen nog vaak te porren is voor een lekker visje met een glaasje erbij.

Tot slot wil ik graag Froukje bedanken voor alle steun gedurende het hele project.
Froukje maakte de fraaie omslag van dit proefschrift en hielp met een deel van de
tekst. Aan Froukje heb ik een lieve vriendin die bovendien altijd in is voor acties zoals
het afzakken van de IJssel in een opblaasbootje, de hele nacht achter vleermuizen
aanzitten en het kijken naar beren of walvissen. Om in Zwolle te kunnen wonen
treinde Froukje nog veel meer dan ik. Ik ben haar er zeer dankbaar voor dat ze dat voor
mij over had. Froukje, een dikke zoen!

Zwolle, 18 augustus 2005
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