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

K. Spoelstra

4

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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Figure 4.2 A) example of reentrainment by a 6 hour advance with the active phase into the dark
day; B) into the dark night; C) example of reentrainment by a 6 hour delay into the dark day; D)
into the dark night; E) Average reentrainment pattern (n= 14 per group) for reentrainment into
the dark night (open dots) and 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 delay or advance in the skeleton photoperiod. 



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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