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Abstract  The traditional approaches to predict entrainment of circadian clocks
by light are based on 2 concepts that were never successfully unified: the non-
parametric approach assumes that entrainment occurs via discrete daily phase
shifts while the parametric approach assumes that entrainment involves changes
of the clock’s velocity. Here the authors suggest a new approach to predict and
model entrainment. Unlike the traditional approaches, it does not assume a
priori the mechanism of how the internal and external cycle lengths are matched
(via phase shifts, velocity changes, or even other mechanisms). It is based on a
circadian integrated response characteristic (CIRC) that describes how the cir-
cadian system integrates light signals at different circadian phases, without
specifying exactly when and how fast its progression is affected. Light around
subjective dawn compresses the internal cycle; light around subjective dusk
expands it. While the phase response curve (PRC) describes the results of
experiments using light stimuli (of specified duration and intensity), the CIRC
reflects how the system integrates any given light profile, be it single pulses or
any form of light-dark cycle (from skeleton photoperiods to natural light pro-
files). CIRCs are characterized by their shape (determining the extent of their
dead zone) and their asymmetry (the ratio of its compressing and expanding
portions). They are dimensionless (time/time), and their maximum is by defi-
nition 1. To make predictions about entrainment, the CIRC is multiplied with
the light intensity /sensitivity at any given time point. Unlike the PRC and the
velocity response curve, the CIRC can be assessed on the basis of entrained
steady states, by modeling experimental results. The CIRC approach makes
several predictions that can be tested experimentally.
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Nothing in circadian biology makes sense except
in the light of entrainment’; thus, the principles
of entrainment should be to chronobiologists what
grammar is to linguists. The question of how circa-
dian clocks entrain to zeitgebers, the light-dark cycle
in particular, has been a focus of clock research from
its beginning. The field’s 2 pioneers, Jiirgen Aschoff
and Colin Pittendrigh, were close friends, but they

had different views on how to approach entrainment
(Daan, 2000). Aschoff emphasized the sustained
(tonic) effects of light, which potentially change how
fast internal (clock) time moves in relation to external
(zeitgeber) time, while Pittendrigh focused on shifts
of internal phase due to light-dark transitions.

Both the velocity and the phase shift approaches
are based on so-called phase-only models; their only
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readout is phase, be it a phase shift due to a single
intervention, a change in phase when the velocity
of the oscillator changes, or the phase relationship
between the internal cycle and that of the zeitgeber.
Phase-only models are simplifications of biological
oscillators, missing the mechanistic details, but they
are so far the most useful models generating quanti-
tative predictions.

Entrainment has also been modeled by more
elaborate mathematical differential equations (by
Wever, Pavlidis, and many others; for review, see
Roenneberg et al., 2008). Differential equations pro-
vide analogs to biological entrainment, but the ele-
ments in these models are usually not intuitively
clear and are less reliable in generating quantitative
predictions.

Finally, entrainment has been modeled with chem-
ical transition equations (for review, see Leloup and
Goldbeter, 2008), which try to mimic natural pro-
cesses. These approaches usually rely on an enormous
number of equations, generating a large parameter
space with many degrees of freedom. Another com-
plication with these models is that the mechanisms
generating the circadian oscillation are still insuffi-
ciently known.

Here we propose a new approach, which stays
within the realm of phase-only models that have
proven to be the most effective. It focuses exclu-
sively on entrained situations for 3 reasons: 1) They
are the conditions under which the circadian system
evolved, 2) entrainment by a regularly repeating zeit-
geber differs from responses to single perturbations
applied in constant darkness (DD), and 3) entrain-
ment protocols offer much richer data sources than
do phase response curves (PRCs).

The new approach avoids assumptions on the
dynamics of phase progression during illumination
and aims to explain entrainment under all conditions.
It provides a rich spectrum of experimental predictions
that will lead to an understanding of how entrainment
is implemented at all levels of the circadian system,
from molecules to organism. Before describing the new
approach, we first highlight the main difficulties faced
by the traditional phase-only models.

PROBLEMS OF THE EXISTING THEORIES

Entrainment by instantaneous shifts in response to
transitions is nonparametric since it does not change
parameters of the underlying oscillator. Entrainment

by velocity changes necessarily affects 1 or more oscil-
lator parameters when exposed to light and is thus
parametric. Since velocity changes obviously also
change the phase, parametric and nonparametric
entrainment differ only by the nature of the effective
stimulus (transition or continuous). The nonparamet-
ric theory is widely accepted, although no unequivocal
evidence exists for phase responses to LD transitions
(see Comas et al., 2008; Nelson and Takahashi, 1999).
In contrast, velocity (period) changes in response to
constant light are well documented and widespread
(Aschoff, 1979). Both approaches use the effects of
light compared with DD. The PRC is derived from
single light pulses, and the velocity response curve
(VRC) is estimated from the PRC (Daan, 1977).

The PRC approach makes important assumptions
that cannot be directly measured since we can observe
only the steady-state consequences of an intervention
1 or even more days after it has been presented (e.g.,
due to transients; Pittendrigh et al., 1958). We do not
know whether the steady state was due to a transient
change in velocity (parametric) or to an acute change
in phase (nonparametric). Considering our more
recent understanding of how complex the circadian
system is at all levels (Baggs et al., 2009; Roenneberg
and Merrow, 2003) and in view of the poor temporal
resolution of circadian experiments, it is conceivable
that the system needs much of its cycle to manifest a
response.

Pittendrigh performed a series of experiments to
investigate what happens during the 1st cycle after
an intervention by a light pulse (Pittendrigh, 1967,
1981). He first constructed a PRC for light pulses
given in DD and then—for selected phases of the
1st, single-pulse PRC—predicted the PRC gener-
ated by a series of 2nd pulses. If the 1st phase shift
was instantaneous, the 2nd PRC should be predict-
ably shifted by the magnitude of the 1st pulse.
Similar experiments had been performed earlier by
Chandrashekaran, and the predictions are true in most
of the Drosophila work (Chandrashekaran, 1980;
Pittendrigh, 1981), especially in Drosophila pseudoob-
scura characterized by strong (type-0) light reset-
ting since the 1st pulse resets the system to nearly
the same phase.

In nocturnal rodents, which show weak (type-1)
resetting on the behavioral level, the predictive
power of the PRC approach breaks down when the
2 pulses are close to each other (Comas et al., 2007;
Pittendrigh and Daan, 1976b, figs. 3 and 13, respec-
tively). Phase shifts with 2 pulses given 1 h apart
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cannot be explained by complete instantaneous reset-
ting, although such an explanation could not be
rejected when the pulses were 2 h apart (Best et al.,
1999). Note that if the pulses are repeated indefi-
nitely, the clock should stop: a 15" light pulse pre-
sented once per hour will somewhere hit a phase
where, according to the PRC, it delays the system by
1 h. The next pulse should then again hit the same
phase, and delay again, and so on. The prediction of
instantaneous phase resetting that potentially stops
the clock is also not upheld in other species since
rhythms continue in high-frequency LD cycles, for
example, in fish (Eriksson and Veen, 1980), cock-
roaches (Roberts, 1982), and several species of birds
and mammals (Aschoff, 1999).

Entrainment has to correct for differences in cycle
lengths—external and internal—and thereby pro-
duces a specific phase relationship (y). Internal cycle
length becomes apparent in constant conditions as
free-running period (in constant darkness, as tp).
The nonparametric approach predicts the phase of
entrainment by calculating the phase of the PRC at
which the light transition has to occur in order to pro-
duce the daily phase shifts (A¢), necessary to correct
for the difference between 1, and the period of the
zeitgeber (T): Ap = 1, — T (Pittendrigh, 1981). This
prediction works well for different T. It works only to a
limited extent for skeleton photoperiods (2 single pulses
per cycle), since the subjective night is compressed in
rodents into much shorter intervals than predicted
(Pittendrigh and Daan, 1976b, figs. 13, 15). The most
significant difficulty for the nonparametric approach
is that it yields no quantitative predictions for long
photoperiods without making additional assump-
tions on the action of light between lights-on and
lights-off (Pittendrigh and Daan, 1976b).

But which transition should be considered as
effective: onset, offset, or both? At least one study in
mice has shown that the offset does not determine
phase, at the least if the velocity changes during a
long light pulse are considered (Comas et al., 2006).
Step PRCs have been used to explore the individual
contributions of the transitions (Albers, 1986; Aschoff,
1994; Comas et al., 2008; Kramm, 1974; Subbaraj and
Chandrashekaran, 1981), but their results show that
entrainment cannot be predicted alone by a nonpara-
metric approach: step-up and step-down light sig-
nals produce all delay and all advance PRCs,
respectively (Comas et al., 2008). In contrast to light
pulses, steps from dark to light induce the largest
phase delays around subjective dawn, and steps

from light to dark give the largest phase advance
around subjective dusk. After using step-up ramp-
down and ramp-up step-down signals to avoid
masking, Comas et al. (2008) concluded that the clock
does not phase-shift by nonparametric responses.

Extrapolations from PRCs to entrainment face the
fundamental problem that the shape and the ampli-
tude of the PRC (see fig. 9 in Pittendrigh, 1981) as
well as the underlying t (Aschoff, 1979) are bound to
change with zeitgeber conditions (Evans et al., 2004;
Pittendrigh et al.,, 1984). Wever (1989) already
stated that “all parameters (e.g., phase, amplitude,
wave shape) of response curves reflect the state of
the original rhythm. These parameters are different
for rhythms under constant conditions and those
under a 24-hr zeitgeber. Only the responses of syn-
chronized rhythms are relevant to all applied situa-
tions. It is therefore preferable to generate the
response curves directly under zeitgeber conditions.”
In a recent study using Neurospora, we constructed a
circadian surface by systematically varying the 3 pil-
lars of entrainment: t, T, and photoperiod (Rémi
et al., 2010), showing that the phase of entrainment
cannot be predicted for all the tested conditions by
computing PRC and 1, especially in long photo-
periods (for Neurospora PRCs, see Dharmananda,
1980; Johnson, 1990; Lakin-Thomas et al., 1991).

Explaining entrainment nonparametrically becomes
especially problematic in species that are not
exposed to dawn and dusk, such as the European
ground squirrel (Hut et al., 1999). This problem was
resolved by modeling entrainment with a combi-
nation of a PRC and a VRC that exploits the light
intensities changing over the course of the day
(Beersma et al., 1999). The parametric approach was
first advocated by Swade (1969), but again, formal
assumptions had to be made. Since light pulses can
cause delays larger than their own duration, they
theoretically produce negative velocity. This was
solved by assuming that responses are reduced dur-
ing prolonged light exposure and restored by pro-
longed darkness (Comas et al., 2008, 2006, 2007;
Daan, 1977; Daan and Pittendrigh, 1976). VRC-
derived models can predict steady-state entrain-
ment reasonably well under different photoperiods
and different zeitgeber cycle lengths (Comas et al.,
2006, 2007; Daan, 1977; Taylor et al., 2010). However,
VRCs are also based on experiments using single
light pulses given in DD, and they therefore inher-
ently make the same assumptions as discussed above
for the PRC approach.
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A NEW APPROACH TO UNDERSTANDING
AND PREDICTING ENTRAINMENT

Chronobiologists have intuitively extrapolated
over the shortcomings of the traditional paradigms
to make them applicable to different conditions and
species. The new approach described here formalizes
these intuitive extrapolations. It is also a phase-only
model and as such a simplification of biological oscil-
lators, not going into the mechanistic details. Yet
phase-only models are so far the most useful in gen-
erating quantitative predictions. The new approach
makes no assumptions about local velocity changes
or instantaneous phase shifts, by considering only
the integrated outcome over a cycle. Its predictions
are not based on responses in DD but exclusively on
more abundant and accessible entrainment data. It
uses the integrated effect of light at different internal
times (formalized by a circadian integrated response
characteristic [CIRC]) as the parameter that adjusts
the internal cycle length to that of the zeitgeber. Its
use of only a few variables simplifies the search for
biological correlates (intercellular and intracellular)
that contribute mechanistically to circadian entrain-
ment, an understanding that is still lacking after sev-
eral decades of molecular and cellular research into
circadian clock mechanisms.

The Circadian Integrated
Response Characteristic

PRCs have shown that light produces advances
around dawn and delays around dusk (Hastings and
Sweeney, 1958; Pittendrigh, 1981), and VRCs assume
that light accelerates the clock’s velocity around
dawn and decelerates it around dusk (Daan and
Pittendrigh, 1976; Swade, 1969). The CIRC (Fig. 1A)
combines these insights by assuming that light around
subjective dawn compresses the internal cycle and
light around subjective dusk expands it. It integrates
the responses over the entire light signal, be it a sin-
gle pulse, skeleton photoperiods, or any other form
of daily light profile (rectangular, ramped, twilight,
or noisy light environments). The CIRC is dimen-
sionless since it represents the system’s capacity to
compress or expand the internal cycle length (unit:
time) integrated over the time of light exposure. Its
maximum is by definition 1. To make quantitative pre-
dictions about entrainment, the CIRC has to be cali-
brated for zeitgeber strength (intensity/sensitivity);
that is, a calibration factor c,; has to be derived

experimentally (see “Assessing the CIRC by Experi-
mental Protocols” below).

Predicting entrainment by the CIRC is possible not
only in LD cycles but also in dim:bright light cycles
(see Suppl. Fig. S1 in supplementary online materi-
als; this approach will also enable the establishment
of CIRCs for temperature entrainment, which we
have not considered here). Since the CIRC is a prod-
uct of experimental observations (like the PRC and
the VRC), any circadian modulation of sensitivity
should already be part of a derived CIRC. Thus, as
with the PRC, the CIRC currently provides no possi-
bility to separate the parts of its dynamics that result
from oscillator function or from a circadianly modu-
lated light input-pathway.

The forms of the CIRC shown in Figures 1 through 4
are chosen only for demonstration purposes to illus-
trate the rules of entrainment laid out by this new
approach (for different forms of the CIRC, see Fig. 5).
Unlike the PRC, the CIRC offers a template to predict
entrainment under all conditions in conjunction with
a given light environment. Figure 1B-D demonstrates
how a single CIRC can be used to construct different
PRCs. With the help of computer modeling, this pro-
cess can also be reversed, so that the CIRC’s form for
a given condition and a given species can be con-
structed from systematic entrainment results (an exam-
ple of applying such a reversed process is described
elsewhere; Roenneberg et al., 2010).

Under a typical laboratory light profile (Fig. 2B),
the integrative effect of the CIRC is as shown in
Figure 2C (filled areas). The effect of light on the
system can be estimated by adding/subtracting the
integration of the profile to/from the current internal
cycle length, t,(t; - T = JCIRC x ¢, x intensity; inte-
grating the CIRC from lights-on to lights-off). Note
that 1, may be different from 1, (this concept will
be discussed in detail elsewhere; Roenneberg et al.,
2010). Figures 2D and 2E show an example of how a
more realistic twilight exposure would be integrated
by the system, and Figures 2F and 2G illustrate this
process for a noisy light profile as it is to be expected
under natural conditions, predicting that the resulting
compression/expansion profile can be quite similar
for very different light environments.

The simplest way to explain the predictions of the
CIRC for entrainment are when T = 1 and when the
CIRC is symmetrical in its compression (C) and
expansion (E) portions (as indicated in Fig. 2A). For
the zeitgeber profiles shown in Figures 2B and 2D,
internal midday (InT12) would coincide with external
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Phase of Entrainment

; Light expands The CIRC concept provides a sim-

g the internal cycle ple, intuitive way to predict the phase
\L ; \'\ A of entraiTlme.en't (e.g. chronotype in
V_\ oy different individuals and for different
CRRE rorraies light environments). The entraining
the internal cycle process must mold the internal cycle
into the external cycle, so that 1, , =T.
If the internal and the external cycle
already are equal in length (Fig. 3A),

the integral under the CIRC must add

Adjustment of internal cycle length
expanding compressing expanding compressing

o
®

the CIRC’s compression and expan-
sion regions are symmetrical, then a)
internal midday (triangle) and exter-
nal noon (vertical line) coincide (as in
Fig. 3A and 3D) and b) the phase of
: entrainment will be independent of
: zeitgeber strength and photoperiod
Aligned to pulse onset (because these changes affect both
portions equally, always balancing
X compression with expansion; com-

T T i "'--.,._____6___:? B  up tozero (compression or expansion
must cancel each other out). The
.,l' CIRC predicts that if 1) t = T and if 2)

|

advance

delay

:
\

Phase shift

pare Fig. 3A and 3D).
If the dead zone of the example
----- D e deadzo e
given here (i.e.,, =T and a symmetri
cal CIRC) is zero, 2 alternative solu-
Aligried 1o mid-pulse tions fulfill the criterion of producing
5 3 & 8 ‘13 ‘15 48 31 no net compression or expansion (see
top panel in Suppl. Fig. S2): 1) when
Internal time (g, InT) the light is centered around internal
midday (InT12), and 2) when it is

Figure 1. (A) A circadian integrated response characteristic (CIRC) predicts how a centered around internal midnight
clock integrates the light signal and by how much light exposure will compress or  (InT(0). However, the latter example
expand the internal cycle length at different internal times. (B, D) How a single CIRC
can be translated into many different PRCs. The light pulses shown in (B) represent ) .
examples in the context of single-pulse experiments (1: a 2-h light pulse starting at InT because the responses will drive the
1; 2: a 4-h light pulse starting at InT 4; 3 a 2-h light pulse starting at InT 19). The result- internal phase away from the light
ing changes in internal cycle length are calculated by integrating the area under the
curve and are represented as phase shifts in (C) and (D), aligned to pulse onset and to . . .
midpulse, respectively (2 h: small dot; 4 h: large dot). The CIRC is dimensionless since llght hits the internal phase too early
it represents the system’s capacity to compress or expand the internal cycle length (i.e., exposing more of the expansion
(unit: time) integrated over the time of light exposure (for details, see text). portion), the next light signal will hit

advance

delay

does not lead to stable entrainment

pulse if t is not exactly equal to T. If

an even earlier phase, and so on. If
midday (ExT12) because the integrals under C and light hits the clock slightly too late, it will do so even
E cancel each other. InT12 would slightly lead ExT12, later in the next cycle. Not so if the light signal settles

hiding more of its compression region in the dark around InT12. If light hits too early, it will fall on a
less of the morning light (and thereby resulting in an later internal phase the next cycle, and if it hits too
earlier chronotype) when the system’s CIRC is late, it will come at an earlier internal phase the next
exposed to the light profile shown in Figure 2F due to cycle. Since most circadian systems are made up of
more light being present in the morning than in the populations of oscillators, this principle will lead to a
evening. broadening of the phase distribution when light falls
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CIRC

Rect: lar light profile

Integrative effect on
Internal day length

Twilight profile

Integ effect on
Internal day length

F Noisy light profile

G Integrative effect on
Internal day length

Figure 2. The effect of light on the circadian clock can be
separated into 3 levels: 1) the circadian response characteristics
(CRC; same y-axis as in Fig. 1), 2) the physical qualities of the
zeitgeber, and 3) the qualities of this signal after processing
(adaptation, response reduction, etc.). (A) A hypothetical CIRC.
(B) Physical light signal. (C) Net effect on internal cycle length.
(D-G) Examples of a twilight profile and a noisy (natural) light
profile. Ordinates are as described for Figure 1.

at around InT0/24 and will narrow the distribution
when falling at around InT12 (Suppl. Fig. 52).

For t > T (as it is in most humans), the integrated
response must lead to a compression of the internal
cycle (Fig. 3B). Internal phase must therefore move
to a later external phase (white arrow to the right in
Fig. 3B) to expose more of the CIRC’s compressing
portion to the light and hide more of its expanding
portion in the dark. The hypothetical individual rep-
resented in Figure 3B is a later chronotype compared
with that in Figure 3A. In this case, different zeitge-
ber strengths have an influence on chronotype
because they will exert an unbalanced effect on the
compression and the expansion portions (although
the CIRC is dimensionless and normalized to a
maximum of 1, its amplitude was adjusted according
to zeitgeber strength for demonstration purposes). If
the individual represented in Figure 3B is exposed
to a stronger zeitgeber (Fig. 3E), the compressing

weak zeitgeber strong zeitgeber

s A
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o =T
w
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>

(&)

™
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e =T
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“

o

e

5

é w=<T
2

T

<

0 6 12 18 240 6 12 18 24
External time (@, ExT)

Figure 3. Entrainment is accomplished by differentially hiding
and exposing different parts of the circadian integrated response
characteristic (CIRC) in light and darkness (shaded areas). Phase
of entrainment (chronotype) in individuals with different inter-
nal cycle lengths is predicted by the CIRC (an arbitrary shape
of a CIRC is chosen for demonstration purposes). Graphs are
aligned to external time (vertical stippled lines represent noon of
the zeitgeber: ExT 12). Internal time is indicated by the triangles
(representing InT 12). The left panels show examples for weak
and the right panels for strong zeitgebers. The different relation-
ships between t and T are shown to the right. The white arrows
show the direction in which the CIRC has “moved” in order to
achieve stable entrainment. Those in the left panels indicate the
movements compared with (A), and those in the right panels
(E and F) show the movements compared with the weaker zeit-
geber condition on the left (B and C, respectively). Note that
although the CIRC is dimensionless and normalized to a maxi-
mum of 1, its amplitude was adjusted according to zeitgeber
strength for demonstration purposes.

portion of the profile increases more than its expand-
ing portion, making this individual an earlier chro-
notype compared with the weaker zeitgeber situation
(white arrow to the left in Fig. 3E).

For t < T, the integrated response must lead to a
compression of the internal cycle (Fig. 3C), producing
an earlier chronotype compared with the first 2 exam-
ples (white arrow to the left in Fig. 3C). In this case,
an increase in zeitgeber strength has the opposite
effect as for the individual with © > T (Fig. 3B and 3E),
generating a slightly later chronotype as compared
with a weak zeitgeber situation (compare Fig. 3C
and 3F).

Limits of Entrainment

As for other oscillators, the circadian clock has a
range of entrainment within which it can stably
entrain. The CIRC allows estimating the limits of this
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Adjustment of internal cycle length

0 6 12 18 24
External time (@, EXT)

Figure4. Frequency demultiplication is traditionally explained
by oscillator theory, but it can also be described as entrainment
to a structured light profile. (A) LD 12:12; (B) LD 6:6; (C) LD 3:3.
The time axis is as described in Figure 3. Which of the dark epi-
sodes (in B and C) will represent ExT 0 depends on prior history
of the system, as shown extensively in Drosophila by Pittendrigh
(1981). See text for details.

range once its variables (s and a) and the calibration
factor ¢, have been established, as described below.
Theoretically, the lower limit is reached when its
entire compression portion is exposed to light while
the entire expansion portion is hidden in darkness
(Fig. 4B), and the upper limit is reached in the inverse
condition (Fig. 4E). If ¢, = 1, Ty = 22, with an inte-
gral under the entire compression portion of 4, and
that under the entire expansion portion of 3, the
range of entrainment is defined by T =18 and T = 25.
These can only be crude estimations due to the fact
that the dynamics of the CIRC as well as 1 can
change with T-cycle length (Roenneberg et al., 2010).

Frequency Demultiplication

Outside of the range of entrainment, the clock
will not entrain stably and will therefore run through
the zeitgeber cycle (possibly showing relative

/\
4, T
Ex
2 N\ N
“ip \ D

0 6 12 18 24 0 6 12 18 24
Internal time (¢, InT)

Figure 5. The form of the circadian integrated response character-
istic (CIRC) can vary in shape and asymmetry. Its shape can range
from pure sinusoidal (A) to showing smaller (C and D) or larger
(B) dead zones. Its asymmetry determines the ratio of the integrals
under its compressing and expanding portions (C and D).

coordination). When the zeitgeber lengths, however,
approach approximately half of the internal cycle
length, the system can be stably entrained again to
2 zeitgeber cycles at a time, a process called frequency
demultiplication. This feature of the clock can also be
easily explained by the CIRC. To make things simple,
the example shown in Figure 4 is again based on a
symmetrical CIRC and on the presumption that t =T,
so that the sum of integrals covered by light must
always add up to zero to ensure stable entrainment.
Because many different symmetrical light-dark profiles
can produce a balanced integral, frequency demultipli-
cation simply reflects the fact that systematic light-dark
profiles meet the demand that the sum of integrals is
equal to T — T (although the example shown refers to
T =T, demultiplication will also occur for t = T).

Assessing the CIRC by Experimental Protocols

So far, we have explored the CIRC by using a
hypothetical example with symmetrical compression
and expansion portions and a moderate dead zone.
As predicted by the diverse forms of PRCs produced
in many different species (Johnson, 1990), the form of
the CIRC will also be different between species and
individuals. Figure 5 demonstrates how the CIRC’s
form can be changed by only 2 variables. The extent
of the dead zone can vary from zero (making the
CIRC more sinusoidal; Fig. 5A) to extending over a
large part of the internal cycle (Fig. 5B). This feature
of the CIRC can be modeled by a single shape factor.
The symmetry of the compression and expansion
portions can be changed by an asymmetry factor, as
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shown in Figure 5C and 5D. These 2 variables are
essentially the 2 degrees of freedom that can be used
to model CIRC based on phases of entrainment gen-
erated experimentally, as will be described in detail
(Roenneberg et al., 2010) in the context of using the
CIRC to model the results of the circadian surface
generated for Neurospora (Rémi et al., 2010).

The advantage of CIRCs is that they can be
assessed under entrainment proper, thus avoiding
extrapolation from interventions in constant condi-
tions to entrainment. Figure 6 proposes a protocol to
establish a CIRC’s shape and asymmetry for a given
organism and individual. Unlike for PRCs, the control
condition for the CIRC is entrainment by an anchor
pulse of, for example, 3 h. The interval between suc-
cessive anchor pulses (T or cycle length of the zeit-
geber) should be only slightly shorter than 1, for
reasons described below. The entrained system will
settle at a phase at which the integral under the curve
exposed to the light will compress the internal cycle
length so that t = T (Fig. 6A). To construct the CIRC,
the clock is then probed with additional short probing
pulses (for example, 1 h; Fig. 6B-E).

The readout of these experiments is phase of
entrainment (y, the phase angle difference between
oscillator and zeitgeber). If a given probing pulse
increases y compared with the control situation (e.g.,
activity onset moved to the left), it must have fallen
into the compressing portion of the CIRC (Fig. 6B
and E), so that the sum of the 2 pulse integrals com-
presses the internal cycle too much (beyond 1 - T). In
response, the clock has changed its phase relation-
ship to the zeitgeber, so that part of the light exposure
moves to the dead zone. If a probing pulse has no
effect, it can only have fallen in the dead zone (Fig. 6C).
If a given probing pulse delays y compared with the
control situation, the probing pulse must have fallen
into the expanding portion (Fig. 6D). The different
movements of the phase of entrainment, therefore,
are directly proportional to the form of the CIRC.
Note that we assume that the form of the CIRC,
unlike that of the PRC (Elliott, 1976), is insensitive to
photoperiod and can thus be used as an internal ref-
erence to measure external changes of day length.
This protocol can also be used to test whether the
form of the CIRC remains the same for all combina-
tions of the 2 pulses. If so, certain combinations
should not permit stable entrainment because the net
integral cannot compensate for the t — T difference.

The reason this protocol should be performed
with a zeitgeber period just slightly shorter than t,

Adjustment of internal cycle length

External time (®, ExT)

Figure 6. A protocol for probing the form of the circadian
integrated response characteristic (CIRC) under continuous
entrainment. Time axis as described in Figure 3. See text for details.

is that one can also investigate possible interactions
between the pulses that may have nothing to do
with the CIRC’s form, such as response saturation-
restoration (Comas et al.,, 2007). To distinguish
between the CIRC’s form and potential interaction
effects, a 2nd series of experiments should be per-
formed with a zeitgeber cycle that is slightly longer
than t,,. Under these conditions, the system will
settle at the other end of the dead zone (the phase
angle difference between the 2 control conditions
already gives an indication of the extent of the dead
zone). The rest of the cycle is then, again, probed with
1-h probing pulses. Although the temporal relation-
ships between anchor and probing pulses will be the
same as in the 1st series of experiments (with T < 1),
their relationship to internal phase will be different.
It is essential for this protocol that the 2 chosen
T-lengths are as close as possible since our modeling
results indicate that the CIRC’s form changes as a
function of T (Roenneberg et al., 2010).
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Once the form of the CIRC has been established,
one can assess the factor (c,.) that translates the
impact of the zeitgeber on the CIRC into actual values
of compression/expansion in hours. If 1, = 24.5 h,
for example, the anchor pulse in the protocol described
above could be given with T = 24 h to establish the
situation shown in Figure 6A. Under these condi-
tions, one can calculate the integral under the CIRC
from lights-on to lights-off. If the result were, for
example, 0.5, then ¢, =1 (since the 1, has to be com-
pressed by 0.5 h; larger integral values produce a
smaller ¢, factor and vice versa). Repeating this pro-
tocol with different intensities gives rise to the func-
tion ¢, = f(fluence).

CONCLUSION

Evolution has shaped circadian clocks in a cyclic
world; temporal constancy of environmental quali-
ties must have been an extremely rare exception. It is
therefore the mechanism of entrainment that has
evolved and not sustained rhythmicity in constant
conditions. The latter is theoretically not even essen-
tial for a functional entrained circadian system. If
free-running rhythms can be recorded under special
constant conditions (not all allow the expression of a
free run), this must reflect how the system evolved to
function optimally under entrainment rather than being
the object of the evolutionary process (Roenneberg
and Merrow, 2002).

The CIRC approach avoids the assumptive leaps
from constant conditions to entrainment (while still
revisiting many aspects of the traditional paradigms)
and—unlike the traditional approaches—allows
studying entrainment under exactly those condi-
tions that lead to synchronization of the clock with its
environment. The CIRC resolves many of the diffi-
culties inherent in the PRC and VRC approaches. For
a given T-cycle length, a single CIRC can be used to
predict entrainment for all light signals, from single
pulses (see examples in Fig. 1) to noisy light profiles
(Fig. 2). It also makes entrainment independent of
experiencing actual sunrise and sunset, as in the case
of the day-active European ground squirrel (Hut
et al., 1999). Even a self-selected exposure to a natural
light profile (see example in Fig. 2F and the resulting
light response characteristics in Fig. 2G) would
always keep the clock entrained to the 24-h day at the
appropriate phase, maintaining a narrow distribu-
tion of chronotypes within the population.

The phase of entrainment of individuals with dif-
ferent internal cycle lengths and different light expo-
sure can be easily predicted by the CIRC (Fig. 3).
Entrainment of the human clock also depends on the
natural light profile (Roenneberg et al., 2007). People
living in urban regions largely create their own light
environment (by rarely being outdoors and by using
artificial light sources); the extremes in the human
chronotype distribution are therefore almost 12 h out
of phase (Roenneberg and Merrow, 2007) despite a
relatively narrow proposed distribution of internal
cycle length in humans (Czeisler et al., 1999; Wright
et al., 2001).

The functional significance of this ubiquitous
biological timing system is to internally represent a
zeitraum (German for time-space distinguishing a
temporal structure from the flow of time) to allow
organisms to orient within its structure (light, dark,
warm, cold, food, etc.), to specialize in temporal
niches, and to anticipate its regular changes. To do
so optimally, clocks must be able to change their
phase relationship to the zeitgeber. The reason why
evolution has provided clocks with the flexibility to
entrain to very different zeitgeber lengths (different
ratios of T/1) although T changes by only 20 s every
million years (Pannella, 1972) may simply reflect
the fact that the entrainment process uses flexibility
in 7 to vary phase of entrainment. But does the form
of the CIRC change with the T/t ratio? Our model-
ing results (Roenneberg et al., 2010) indicate that it
does. They also show that there is an aspect to t
that has so far been seen only as t aftereffects in
many circadian systems, from unicells (Roenneberg,
1995) to rodents (Pittendrigh and Daan, 1976a) and
humans (Scheer et al., 2007): after release to con-
stant conditions, T depends systematically on the
prior length of T, indicating that t changes with the
qualities of the zeitgeber. Such aftereffects have
also been observed after single brief light pulses,
resulting in tRCs (Beersma et al., 1999; Pittendrigh
and Daan, 1976a). In the process of modeling the
form of Neurospora’s CIRC based on the circadian
surface (Rémi et al., 2010), we found that t (which
we call t; to denote the intrinsic period of the sys-
tem under entrainment conditions) is necessary as a
variable for explaining the observed phase angles
of entrainment, despite the fact that t,, is always
equal to T when the system is stably entrained
(Roenneberg et al., 2010).

Applying the CIRC concept in modeling should
make it possible to derive the form of the CIRC from
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existing data on entrained systems, for example, by
computing on a day-to-day basis the interaction
between activity recordings and concurrently recorded
light profiles (including natural effects of cloud
cover and behavioral effects of self-selection), or
by modeling the form of the CIRC based on phases
of entrainment under a wide range of different
entrainment protocols that produce a circadian surface
(Rémi et al., 2010). This latter modeling approach has
shown to be successful and has produced a host of
predictions (Roenneberg et al., 2010). Entrainment
to very different zeitgeber conditions can be mod-
eled by changing 3 parameters: the CIRC’s shape
and asymmetry (Fig. 5) and t;; in addition to cali-
brating the responses by the impact of zeitgeber
strength (intensity and/or sensitivity). With large
experimental data sets, the new approach allows us
to estimate all 3 and thus provides a solid frame-
work for future molecular analysis of the pathways
of entrainment.

As with all new concepts and approaches, many
questions are still open, and aspects of the CIRC will
surely have to be modified as a result of experimen-
tation in different model systems. For example, how
can the CIRC help to explain that the period of a
free-running rhythm depends on the intensity of
constant light (Aschoff, 1979)? Similar to the PRC
concept, one would predict that this behavior depends
on the asymmetry of the CIRC (Fig. 5C and 5D). In
this introduction of the new approach, we have con-
centrated on the zeitgeber light, but CIRCs should
also exist for other zeitgebers. How stable is the form
of a CIRC under different conditions, and does it
change with photoperiod and season? Based on our
modeling results (Roenneberg et al., 2010), we hypoth-
esize that the CIRC remains constant in different pho-
toperiods and can therefore be used as a reference to
read out time of year. In that, the CIRC could be used
similarly to the circadian rhythm of photoperiodic
photosensitivity, =~ which  forms the Dbasis
of the external coincidence model proposed by
Biinning (1936).
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NOTES

Supplementary online material for this article is avail-
able on the journal’s website: http://jbr.sagepub.com/
supplemental.

1. We have derived this statement from Dobzhansky’s
famous quote, “Nothing in biology makes sense
except in the light of evolution,” which was first pub-
lished in American Biology Teacher, 1973, volume 35,
pages 125-129.
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