
 

 

 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


110



111

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

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

in: Biological Rhythms; 10th Sapporo Symposium 2003, K.Honma and S.Honma (eds.)
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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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Figure 10.3 Tracking of dawn and dusk by the morning and evening peak in hamster SCN
electrophysiology, based on the data of Jagota et al (2000), figure 3, where mean values for onset
and end of both peaks are given. Lines connect the middle of each peak and (black) the midpoint
between onset of morning peak and end of evening peak. 



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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Figure 10.4 Tracking of dawn in SCN gene expression in rodents under different photoperiods.
Each symbol represents the mean vector calculated for the published distributions from various
sources as indicated.  Sumová et al. 2003   Sumová et al. 2000  Jác et al. 2000



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
coupling between the two components. Right: two components coupled.



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). 

EM perspective

123

τ (
h
 +

 s
.e

.m
.)

22

23

24

25

26

27

28

29 Cry1-/-

Cry2-/-

WT

light intensity (Lux)

0 1 10 100 1000

22

23

24

25

26

27

28

29 Per1Brdm1

Per2Brdm1

WT
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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). 
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