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Study Objective: The adaptive value of the endogenous circadian clock arises from its ability to synchronize (i.e., entrain) to external light-dark
(LD) cycles at an appropriate phase. Studies have suggested that advanced circadian phase alignment might result from shortening of the period
length of the clock. Here we explore mechanisms that contribute to an early activity phase in CAST/EiJ (CAST) mice.

Methods: We investigated circadian rhythms of wheel-running activity in C57BL/6J (B6), CAST and 2 strains of B6.CAST congenic mice, which
carry CAST segments introgressed in a B6 genome.

Results: When entrained, all CAST mice initiate daily activity several hours earlier than normal mice. This difference could not be explained by
alterations in the endogenous period, as activity onset did not correlate with period length. However, the photic phase-shifting responses in these
mice were phase-lagged by 3 hours relative to their activity. Attenuated light masking responses were also found in CAST mice, which allow for ac-
tivity normally inhibited by light. A previously identified quantitative trait locus (QTL), Era?, which contributes to the early activity trait, was confirmed
and refined here using two B6.CAST congenic strains. Surprisingly, these B6.CAST mice exhibited longer rather than shorter endogenous periods,
further demonstrating that the advanced phase in these mice is not due to alterations in period.

Conclusions: CAST mice have an advanced activity phase similar to human advanced sleep phase syndrome. This advanced phase is not due to
its shorter period length or smaller light-induced phase shifts, but appears to be related to both light masking and altered coupling of the circadian
pacemaker with various outputs. Lastly, a QTL influencing this trait was confirmed and narrowed using congenic mice as a first step toward gene

identification.
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SLEEP IS REGULATED BY A HOMEOSTATIC PRO-
CESS AND A CIRCADIAN PROCESS. THE LATTER IS
THOUGHT TO BE ADAPTIVE BY RESTRICTING SLEEP
to a favorable time of day (i.e., phase). However, in humans,
the timing of sleep and activity exhibit considerable variation.
In extreme cases, such as advanced or delayed sleep phase syn-
drome (ASPS or DSPS), sleep phases are several hours early or
late, generating conflicts with social demands as well as nega-
tive consequences to physical health.'* These disorders are
thought to reflect misalignment between endogenous circadian
rhythms and external timing cues.

In mammals, circadian rhythms are generated by an en-
dogenous clock located in the suprachiasmatic nucleus (SCN)
of the hypothalamus, which free-runs under constant condi-
tions with a period of ~24 h and can be synchronized, or en-
trained, to the external light-dark (LD) cycle. Light entrains
the clock by inducing phase delays during early subjective
night and phase advances during late subjective night, as can
be described in the phase response curve (PRC). These light-
induced responses ensure that the clock adjusts to seasonal
changes in the timing of dawn and dusk, but also correct for
the deviation of the internal circadian period from 24 h. If
the circadian period is longer or shorter than 24 h, the clock
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must be advanced or delayed, respectively, on a daily basis to
maintain entrainment.

The PRC also dictates the phase angle (i.e., phase relation)
between the clock and the LD cycle to which the animal is en-
trained.® With shorter circadian periods, entrainment occurs at
an earlier phase angle, as synchronization will only be achieved
with greater magnitude phase delays. Such phase delays are
only achieved when the clock is exposed to light during a larger
portion of the early subjective night. This model of circadian
phase determination has been supported by studies in both ani-
mal models and humans.”® The extreme morningness in one
patient with familial ASPS (fASPS), whose endogenous period
was assessed, was also found to be associated with a shorter cir-
cadian period.'® Despite these successes, alterations in circadian
period may not be sufficient to explain all (or even most) circa-
dian phase variations. A recent study in a more general popula-
tion suggested that human “morning larks” and “evening owls”
may be attributed to other properties of the clock."

Forward genetic approaches have been taken to elucidate
molecular mechanisms of circadian phase determination. The
hamster fau mutation, which confers an extremely short period
and thus a pronounced early phase, was mapped to the Casein
kinase 1-epsilon (Csnkle) gene, the product of which phos-
phorylates the core-clock PERIOD proteins.'? In two kindreds
of fASPS, extreme morningness was linked in different pedi-
grees to mutations in human Period 2 (Per2) or Casein kinase
1-delta (Csnkld) genes, both causing shortened periods.'>!'*
These and other circadian genetic studies focused mostly on the
molecular determinants of circadian period, but did not provide
insights into the phase alignment of overt rhythms relative to
cycles of entraining signals such as light.
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We have previously taken an alternative forward genetic ap-
proach, quantitative trait loci (QTL) analysis, which exploits
natural genetic variation that accumulated over many years of
evolution, to search for genetic determinants of circadian phase
in a backcross population originated from two genetically diver-
gent mouse strains, CAST/EiJ (CAST) and C57BL/6J (B6)."
Mouse “early runner” behavior similar to human ASPS and a
QTL on chromosome 18, named Eral, which contributes to this
phenotype, were identified. In this article, we show that several
circadian endophenotypes, circadian clock properties that may
contribute to the early runner phenotype, are found in the pa-
rental CAST strain and the B6.CAST.18 congenic mice,'®' in
which a portion of chromosome 18 has been transferred from
the CAST strain onto the B6 background. Our results suggest
that other factors, aside from endogenous period, influence cir-
cadian phase determination in CAST mice. CAST is a unique
animal model for the study of ASPS, circadian entrainment,
phase relationships, and other poorly understood aspects of the
circadian system.

MATERIALS AND METHODS

Animals

Six-week old male and female C57BL/6J (B6) and CAST/
EiJ (CAST) mice were purchased from the Jackson Labora-
tory, Bar Harbor, ME. CAST/EiJ is an inbred strain derived
from the subspecies Mus musculus castaneus. 54 (B6 x
CAST) x CAST backcross mice were bred by crossing fe-
male B6 mice to male CAST mice and subsequently back-
crossing the female F1 progeny to male CAST mice. Two
strains of B6.CAST congenic mice (also known as Genome-
Tagged Mice, GTM'7) were obtained from the University of
California, Los Angeles. They carry CAST segments of prox-
imal and middle portions of chromosome 18 introgressed
on an otherwise 99% B6 background (B6.CAST.18P and
B6.CAST.18M, respectively). These two congenic strains
were chosen because the CAST segments in these strains
overlap with the mapped Eral QTL region (Figure 7A). Fe-
male and male B6.CAST congenic mice were mated in our
animal facility at the University of Kentucky. All animal pro-
cedures were approved by the University of Kentucky Insti-
tutional Animal Care and Use Committee.

Wheel-Running Activity Recording

Mouse wheel-running activity was monitored in light-tight
chambers (Phenome Technologies, Lincolnshire, IL). Male
mice > 8 weeks old were individually housed at 23 + 1°C with
unrestricted access to a running wheel, the rotations of which
were detected by a mechanical switch connected to a desktop
computer. Food and water were provided ad /ibitum. Data were
recorded and analyzed using Clocklab software (Coulbourn
Instruments, Whitehall, PA). Green LED light (526 nm max,
50% bandwidth + 20 nm, 11.8 pW/cm?, approximately 83 lux
as measured inside of mouse cages, 100 lux as measured at the
bottom of the light chamber) and white fluorescent light (22.3
uW/cm?, approximately 160 lux as measured inside the mouse
cage) were provided 24.5 cm above the cage floor. Cages were
changed every 7 days. Data from days on which cage changes
occurred were excluded from analysis.
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Activity Onset, Phase Angle of Entrainment, and Circadian
Period

Mice, including CAST (n = 10), B6 (n = 8), (B6 x CAST)
x CAST (n = 54), B6.CAST.18P (n = 9), and B6.CAST.18M
(n = 8), were first housed in a 12-h light/12-h dark (LD12:12)
cycle of green light for > 21 days prior to all experimental ma-
nipulations of lighting conditions. Daily wheel running activity
onset was first defined by Clocklab software as the time of day
that best approximates a pattern of 6 h of inactivity (i.e., lower
than the 20th percentile activity level) followed by a 6-h period
of high activity. The computer-defined activity onsets were then
adjusted by eye for any obvious mis-scored values, and aver-
aged over the last 10 LD cycles.

Mice of the CAST, B6, B6.CAST.18P and B6.CAST.18M
strains were then subjected to > 14 days of constant dark (DD)
housing for measurement of the phase angle of entrainment and
circadian period. Phase angle of entrainment was defined by
extrapolating, to the last day of LD12:12 housing, a line fitted
through activity onsets during the first 14 days of DD housing.
Free running period in DD was determined by chi-square peri-
odogram analysis of data from days 1-14 in DD, using Clocklab
software.

Photic Phase Response Curve and Tau Response Curve

Subsequent to the measurement of phase angle of entrain-
ment and circadian period in DD, CAST mice and B6 mice
were exposed to a single 30-min green light pulse once every 2
weeks. All mice were subjected to the light pulse simultaneous-
ly, and as a result the circadian time of the pulse was random for
each animal. Individual mice were subjected to anywhere from
3 to 9 light pulses and thus were in constant darkness punctuat-
ed by 30-min green light pulses for up to 193 days. Because the
number and circadian times of light pulses administered to each
animal were random, it was not possible to analyze the data in
a repeated measures design. The phase shifts induced by these
light pulses were treated as independent measures. To deter-
mine the magnitude of phase shifts in response to light pulses,
2 fitted lines were drawn through activity onsets (defined as
described above) during the 10 circadian cycles preceding light
exposure, and cycles 4-13 subsequent to light exposure, respec-
tively. The phase shifts were calculated similarly as described
by Spoelstra et al.* Briefly, A¢ = ¢,-¢ , where ¢ = (((t,—t,,.,)
mod 1)) x 24/t + 12) mod 24, and ¢, = (((t,,— t,,,) mod 1)) X
24/t, +12) mod 24, both expressed in circadian hours. t, , is the
time when the light pulse is given, while t, and t are the time
of activity onset and free running period before (t, ,, t,) and
after (t,,,, T,) light exposure, determined by the 2 fitted lines
described above. A 2-harmonic Fourier function*' with a fixed
period of 24 circadian hours was fitted to the phase response
curves for CAST and B6 strains, using the curve fitting tool of
the Matlab software package (MathWorks, Inc. Natick, MA.).
The magnitude of changes in circadian period in response to
light pulses was determined simply by At = t, — 1,, where the
values of T and 1, were determined as described above.

Masking and Activity Density Before Dark

Negative masking effects of white and green light were
assessed by exposing CAST (n = 5), B6.CAST.18P (n = 5),
B6.CAST.18M (n=5), and B6 (n =4) mice to light during a 60-
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min interval beginning 30 min after dark onset in an LD12:12
cycle of green light. Each mouse was exposed to one 60-min
white light exposure and one 60-min green light exposure, both
of which were preceded by 6 uninterrupted LD cycles. The
magnitude of negative masking by light exposure was quanti-
fied as the “percentage of activity remaining” during the 60-min
light exposure at ZT12.5-13.5. This variable was measured by
dividing the number of wheel revolutions during light exposure
by the number of wheel revolutions during the analogous time
interval averaged over the previous 2 nights and multiplying the
resulting number by 100%.

The same 5 CAST mice were also used to study the effect
of lighting intensity and/or spectra on activity density before
dark. Mice were first housed in LD12:12 cycles with white light
at ~160 lux for 3 weeks, and then in the same LD cycles with
green light at ~83 lux for another 3 weeks. Activity density be-
fore dark under white and green light housing was measured by
averaging total wheel revolutions occurring between the wheel
running activity onset and dark onset over the last 10 cycles in
LD12:12, and then dividing this number by the total minutes
during which the animal was active before dark onset.

Recording of Sleep and Wake Behavior

A subset of (B6 x CAST) x CAST backcross mice (n = 14)
was also tested on an automated piezoelectric system, which
has been shown to have > 90% sensitivity relative to electroen-
cephalographically defined sleep.'®! Sleep and wake behavior
were continuously recorded over more than 10 LD12:12 cycles.

Time of awakening for the major wake bout each day was
defined as the time between ZT4 and ZT15 when the percent of
wake first reached 75% of the night time average for a sustained
period.

Statistics

In comparisons of the parental CAST and B6 strains (wheel
running activity onset, phase angle of entrainment, maximum
phase delay and phase advance magnitudes, tau response mag-
nitude), Student ¢ for independent measures was applied. For
within-strain comparisons of green and white light effects
(wheel running activity onset, activity density, magnitude of
negative masking), Student ¢ for paired measures was applied.
In comparisons of both parental strains and the two chromo-
some 18 congenic lines, (free running period in DD, phase
angle of entrainment), one-way ANOVA for independent mea-
sures was applied, and was followed by Student # for indepen-
dent measures when significant. Statistics were performed with
SAS software, version 9.2.

RESULTS

Early Runner Phenotype in CAST Mice

When CAST and B6 mice were housed in LD12:12, using
monochromatic green light, the timing of wheel running relative
to the LD cycle differed strikingly between the two strains (Fig-
ure 1C). Wheel running onset was 2.70 = 0.35 h (n = 10) before
dark onset in CAST mice, and nearly coincided with dark onset
in B6 mice (0.086 £ 0.030 h after dark onset, n = 8; P < 0.001
vs. CAST). This finding was also observed independently by
our collaborators using similar lighting conditions.”? As light
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Figure 1—CAST/EiJ (CAST) mice and C57BL/6J (B6) mice differ in
phase angle of entrainment. Wheel running data from one male B6
mouse (A) and one male CAST mouse (B) were plotted in percentile
actogram format. The height of the vertical tick is proportional to the
number of wheel revolutions in that interval, relative to the 24-h average.
Data for 9 days in LD12:12 and 11 days in constant dark are shown. Time
spent in darkness is indicated by gray shading. Individual values (circles
for B6 and triangles for CAST) and group means (horizontal bars) are
shown for activity onset derived from LD12:12 data (C) and phase angle
of entrainment derived from DD data (D). Note: (1) Only one B6 mouse
had a phase angle earlier than dark onset. This value is 3 SD from the
group mean and was discarded as an outlier. (2) One CAST mouse died
before release into DD, thus only 9 CAST values are plotted in panel D.

exposure can also acutely affect activity in mice (i.e., masking),
the true phase angle of entrainment for wheel-running activity
rhythm needs to be assessed by extrapolation of a line drawn
through the onsets of activity in constant dark (DD) subsequent
to LD12:12. Upon release into DD, B6 and CAST mice also
differed significantly in the phase angle of entrainment (Figure
1D; P < 0.001). Only one B6 male exhibited a negative phase
angle of entrainment (0.5 h before dark in this animal); this val-
ue was > 3 SD from the mean of B6. When the data from this
mouse were excluded from analysis, the phase angle of entrain-
ment for the remaining B6 population (n = 7) was even more
delayed (0.360 + 0.073 h after dark onset). Meanwhile, phase
angle of entrainment in CAST mice was 1.93 + 0.30 h before
lights-off, and was strongly correlated with the timing of wheel
running onset in LD12:12 across animals within the CAST
strain (Pearson r = 0.8732, P=0.0021), indicating that the early
activity onset in CAST mice under LD12:12 conditions was a
valid measure of entrained phase. These data demonstrate that
the early runner phenotype, characterized by an advanced activ-
ity onset in LD and an advanced phase angle of entrainment,
can be detected in inbred CAST mice under green light.

We also tested the wheel running activity of 54 (B6 x CAST)
x CAST backcross mice under LD 12:12 cycles using these
green lighting conditions. Compared to our previous study us-
ing more intense white lighting conditions, a higher percentage
of (B6 x CAST) x CAST backcross mice exhibited the early
runner phenotype under green light (data not shown), indicat-
ing that green light may have increased the penetrance of al-
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Figure 2—Early runner mice exhibit early daily awakening when tested on
a piezoelectric system in the absence of a wheel. Data for 4 consecutive
LD 12:12 cycles recorded from 4 (B6 x CAST) x CAST backcross mice
are shown. Timing of light/dark is indicated both by gray shading and the
white/black bar at the top of each panel. Dashed lines show the computer-
defined onset for the major wake period within each LD cycle. Sleep-
wake patterns and wake onset assessed by the piezoelectric system
closely matched wheel-running patterns and onsets, as shown by these 4
examples: (A) A mouse with previous wheel running onset approximately
1 h before dark; (B) and (C) Mice with previous wheel running onsets 3
h prior to dark; (D) Mouse with wheel running onset 5 h before dark. In
general, all mice examined had similar activity onsets whether assessed
by wheel running, or, several weeks later, by piezoelectric defined sleep
and wake.

leles that contribute to the early runner phenotype. Studies have
shown that phase preference in mammals may be altered by
the availability of a running wheel.?*?* To test this possibility, a
subset of (B6 x CAST) x CAST backcross mice (n = 14) were
also phenotyped using a piezoelectric system which scores the
percentage of time spent asleep.'®!® Without access to a running
wheel, the early activity onset under entrained conditions per-
sisted as an earlier daily awakening time (Figure 2). These data
clearly demonstrate that the early runner phenotype represents
entrainment at an advanced phase for activity/rest, as well as
sleep/wake, regardless of the availability of a running wheel.

Lack of Correlation Between Period and Phase Within the CAST
Strain

Circadian period can influence the phase angle of entrain-
ment. To test whether the early activity onset in CAST mice can
be attributed to a shorter circadian period, we transferred mice
to constant dark to assess their endogenous period (Figure 3A).
The circadian period in CAST mice (23.17 £ 0.10 h) was indeed
shorter than that of B6 (23.66 + 0.04 h, P = 0.001). However,
CAST mice with similar circadian period exhibited wide varia-
tions in activity onset under LD as well as in phase angle of
entrainment. There was no significant correlation between cir-
cadian period and either phase of activity onset under LD12:12
(Pearson r = -0.3078, P = 0.42, Figure 3B) or phase angle of
entrainment (Pearson r = -0.06375, P = 0.87, Figure 3C) within
the CAST population. In addition, CAST mice whose period
length fell in the range of B6 mice initiated their daily activity

SLEEP, Vol. 34, No. 1, 2011

245 A B C
— 24.01
= ° ® A A A
° -
2235 e A A i
{ AL F'y 'y A
23.0 s Mo A M
22.5— T —
B6 CAST 5-4-3-241 -5-4-3:2-+
Strain Activity onset (h)  Phase angle (h)

Figure 3—Circadian period is shorter in CAST than in B6 mice and does
not correlate with activity onset in LD12:12 or phase angle of entrainment
within the CAST strain. (A) Individual values (circles for B6 and triangles
for CAST) and group means (horizontal bars) are shown for circadian
period in DD. Scatterplots of circadian period against activity onset
derived from LD12:12 data (B) or phase angle of entrainment derived
from DD data (C) show no correlation (P > 0.40) within the CAST strain.

2-3 h earlier than B6 mice. Thus, factors other than endogenous
period must contribute to the early activity onset in CAST mice
under entrained conditions.

A Phase-Lagged PRC in CAST Mice

Because the circadian period and the PRC together gener-
ally determine the phase at which animals will be entrained to
the LD cycle, we hypothesize that CAST mice differ from B6
in their PRC, which then contributes to the early activity on-
set in CAST mice. To test this hypothesis, CAST and B6 mice
were housed under DD conditions, and were randomly given
a 30-min green light pulse every 2 weeks. Both CAST and B6
mice exhibited photic phase shifts in response to 30-min green
light pulses (Figure 4A, B, C). However, there were significant
strain differences in the timing of circadian responses to light.
Unlike B6 mice, light exposure close to activity onset in CAST
mice did not phase delay the activity pattern, while light that
fell several hours after activity onset induced significant phase
delays. We fitted the phase response data from each strain us-
ing 2-harmonic Fourier curves (Figure 4C). The circadian time
(CT, with CT12 defined as activity onset in DD for nocturnal
animals) of maximum phase delay was CT16.41 in B6 mice
and 3.05 h later at CT19.46 in CAST mice. The circadian time
of maximum phase advance was CT23.92 in B6 mice and 3.46
h later at CT3.38 in CAST mice. Although the timing of maxi-
mal photic phase responses was shifted in CAST relative to B6
mice, the magnitude of maximal phase shifts (i.e., those occur-
ring in response to light pulses delivered within £+ 1 h of the
maximum delay and advance points on the PRC) did not differ
between the strains. Maximum phase delays were -2.45 + 0.50
h in CAST (n=7) and -1.31 £ 0.31 h in B6 mice (n=5; P =
0.083 vs. CAST). Maximum phase advances were 0.98 + 0.43 h
in CAST (n=4)and 0.17 £ 0.16 h in B6 mice (n=6; P=0.153
vs. CAST).

Noting that the difference between the strains in the timing
of peak delays and advances in the PRC was very similar in
magnitude to the difference between the strains in the timing of
wheel running onset in an LD12:12 cycle, we reasoned that the
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Figure 4—Phase response and tau response curves differ between B6 and CAST mice. Phase and tau (i.e., circadian period) responses to green light were
measured in B6 (A) and CAST (B) mice exposed to 30-min green light pulses at random circadian phases at 14-day intervals when animals were housed
under DD. One light pulse for B6 and two light pulses for CAST are shown as gray dots. (C) A 2-harmonic Fourier fitted phase response curve was generated
from n = 65 phase shifts measured in B6 mice (circles and solid line) and n = 59 phase shifts measured in CAST mice (triangles and dashed line). The
fitted curves were re-plotted to the right for clarity. (D) Adjusting the definition of the circadian phase of light exposure for each CAST mouse according to its
activity onset in LD alters the timing of the phase response curve in CAST mice (triangles and dashed line). (E) The tau response curve demonstrates that
light exposure does not influence circadian period in B6 (left) but has a slowing effect in CAST mice, as shown by the 2-harmonic Fourier fitted line (right).

photic PRC might have a distinct phase relationship to wheel
running in the two strains and be otherwise identical. To ac-
count for this possibility, we defined circadian time according
to the phase of wheel running reltive to the daily onset of dark-
ness under LD12:12, (e.g., activity onset of an animal in DD
is defined as CT10 if this animal initiates activity at ZT10 in
LD12:12), and plotted the photic PRC accordingly (Figure 4D).
When the data were transformed in this manner, the PRCs were
nearly identical in the two stains. The maximum phase delay
was at CT17.12 in CAST mice, < 1 h later than in B6 mice.
The maximum phase advance was at CT0.79 in CAST mice,
<1 h later than in B6 mice. The magnitude of maximal phase
delays and advances did not differ between the strains. These
data demonstrate that the photic PRC differs between CAST
and B6 mice primarily in its phase relationship to wheel run-
ning, and that the traditional definition of activity onset as CT12
in nocturnal rodents is probably inappropriate in CAST mice.
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In addition to causing an acute phase shift, light exposure
can also alter circadian period in the longer term. To document
this effect of photic stimulation, we measured a photic tau re-
sponse curve, in which the change in circadian period after a
light pulse is plotted against the circadian time at which the
light pulse is delivered (Figure 4E). Circadian period was se-
lectively increased by light exposure only in CAST (P = 0.01)
and only when light was administered during the first few hours
after the onset of wheel running. The mean increase in circadian
period was 0.25 + 0.08 h (n = 12) in CAST mice exposed to
light during CT12-15 (the circadian phase at which light expo-
sure overlaps with wheel running in an LD12:12 cycle, using
the traditional definition of CT12 = activity onset in DD for
CAST mice). There was no consistent effect of light pulses on
circadian period in B6 mice whether they were exposed to light
at CT12-15 (0.056 £ 0.058 h, n =5) or at any other phase of the
circadian cycle (Figure 4E).
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Figure 5—Negative masking effects of light are strain and light
dependent. (A) Seventy-two hours of wheel running data from B6 (top)
and CAST (bottom) mice demonstrate the effects of green (left) and white
(right) light exposure on wheel running activity. Animals were entrained
under LD12:12 conditions using green light. The timing of the light pulse
(ZT12.5-ZT13.5 on the third night shown) is illustrated by gray shading
and carets at the base of each actogram. (B) The amount of wheel
running during light pulse (LP) at ZT12.5-Z2T13.5 and during the control
dark condition is plotted individually for each B6 (upper panel) and CAST
(lower panel) mouse. Baseline (BL) activity in the control dark condition is
calculated as the mean wheel-running activity at the same Zeitgeber time
(ZT) 2 days preceding the light pulse. P values from paired Student t-test
are labeled at the top of each panel. n.s., not significant. (C) Group mean
+ SEM values for wheel running during light exposure at ZT12.5-2T13.5
are plotted as a percentage of baseline activity. ***P < 0.001, **P < 0.01,
B6 vs. CAST, Student t-test. #, P < 0.05, green vs. white light within CAST
mice, Student ¢ for paired measures.

Blunted Light-Induced Masking Responses in CAST Mice
Normally, light exposure acutely suppresses wheel-running
activity in mice. The fact that CAST mice exhibit wheel run-
ning during the light phase of the LD12:12 cycle indicates that
masking is at least attenuated to some degree in these mice. To
quantify the suppression of wheel running by light, mice of both
strains were exposed to 1-h light pulses beginning at 30 min into
the dark portion of the LD12:12 cycle (Figure 5). B6 mice ex-
hibited a near total (> 95%) suppression of wheel running during
light exposure whether the light was green at ~83 lux (P <0.001,
light exposure vs. baseline) or white at ~160 lux (P <0.001, light
exposure vs. baseline). By contrast, CAST mice exhibited no sig-
nificant suppression of wheel running by green light but a modest
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Figure 6—Activity density before dark in CAST mice housed in LD12:12
is dependent on the type of light exposure. (A) Wheel-running data are
shown from one male CAST mouse housed in white light (days 1-10)
or green light (days 11-20). Mean + SEM are plotted for mathematically
defined and visually adjusted activity onsets (B) and activity intensity
defined by number of wheel running revolutions during the interval
between activity onset and dark onset (C) for CAST mice housed in white
(white bars) and green light (grey bars). *P < 0.05 green vs. white light,
Student t for paired measures.

30% suppression of wheel running by white light (P <0.05, light
exposure vs. baseline). These data demonstrate that the negative
masking effect of light is strongly attenuated in CAST mice.

As the sensitivity of light-induced masking responses in
CAST mice is affected by the spectra and/or intensity of light-
ing conditions, we reasoned that lighting spectra and/or intensity
may also modulate the stability of wheel-running activity before
dark in CAST mice. To evaluate this effect, we housed CAST
mice under LD conditions first using white light at ~160 lux and
then green light at ~83 lux. Activity onset was delayed by ap-
proximately three-quarters of an hour when CAST mice were
housed in white light relative to green light (Figure 6B; P <0.05).
The intensity of wheel running at the daily activity onset was also
influenced by the cage lighting: activity density (the number of
wheel revolutions occurring per unit time between daily wheel
running onset and dark onset) was greater in CAST mice under
green light than under white light (Figure 6C; P < 0.05). Thus,
the early runner phenotype in CAST mice is modulated by the
intensity and/or wavelength of environmental lighting.

Wheel Running Phenotypes in Chromosome 18 Congenic
Strains

In a (B6 x CAST) x CAST backcross population, we previ-
ously identified a QTL, named Eral, that contributes to 10%

A Mouse Model for ASPS—Jiang et al



of the phenotypic variance in activity onset under LD condi-
tions.'> To validate this QTL, wheel running phenotypes were
measured in two congenic mouse strains in which proximal
(B6.CAST.18P) and middle (B6.CAST.18M) segments of chro-
mosome 18 have been transferred from the CAST to the B6
background by selective breeding (Figure 7A). Mice of both
congenic strains exhibited entrainment to a LD12:12 cycle with
the bulk of wheel running activity restricted to the dark portion
of the cycle (Figure 7B, C). The phase angle of entrainment,
as assessed by extrapolation of a line drawn through the daily
onset of wheel running activity in constant dark subsequent to
entrainment, was intermediate between the parental strains for
both congenic lines (Figure 7D). The phase angle of entrain-
ment was advanced by an average of 0.53 h in B6.CAST.18P
relative to B6 mice (P < 0.001) and by an average of 0.70 h
in B6.CAST.18M relative to B6 mice (P < 0.001). The phase
angle of entrainment was significantly delayed in both congenic
strains relative to CAST mice (P < 0.001). These data demon-
strate that a modest but significant portion of the advanced phase
angle of entrainment in CAST mice can be attributed to a locus
(or loci) on the mid-portion of chromosome 18. Moreover, the
Eral QTL is now mapped to a genomic region where the CAST
segments in B6.CAST.18P and B6.CAST.18M overlap.
Negative masking of wheel running activity was also mea-
sured in B6.CAST.18P and B6.CAST.18M congenic lines dur-
ing the dark portion of the LD cycle, as it was in the parental
strains. These congenic lines appeared to have intact negative
masking, as they exhibited > 95% suppression of wheel-run-
ning activity when exposed to either a ~83 lux green light pulse
or a ~160 lux white light at ZT12.5-13.5, identical to B6 mice.
When animals of the B6.CAST.18P and B6.CAST.18M
strains were housed in constant dark, robust circadian rhyth-
micity was maintained (Figure 7B, C). Circadian period was
unexpectedly longer in the congenic strains than in both paren-
tal strains (Figure 7E). Circadian period was longer by 0.26 h
in B6.CAST.18P relative to B6 mice (P < 0.001) and by 0.15
h in B6.CAST.18M relative to B6 mice (P < 0.01). Circadian
period was also significantly longer in both strains than in the
CAST parental strain (P < 0.001). These data demonstrate that
the shorter circadian period in CAST relative to B6 mice is not
conferred by genetic material on proximal or mid-chromosome
18, and that the earlier phase angle of entrainment in the two
congenic strains is not caused by a shorter circadian period.

DISCUSSION

Studies in rodents'>*?® and humans'*'* have demonstrated
that the circadian clock is profoundly affected by genetic vari-
ability. A good deal of information has been obtained about
the molecular underpinnings of the circadian clock from these
genetic studies,”-! but information on the molecular mecha-
nisms underlying phase control under entrained conditions is
still lacking. The current report reveals that the early runner
phenotype co-varies with a number of circadian endopheno-
types in CAST mice, including strain differences in circadian
period, altered timing of the PRC relative to circadian wheel
running rhythms, and attenuated light masking of wheel run-
ning. Only a subset of these circadian endophenotypes is repli-
cated in B6.CAST.18 congenic lines, and their phase angle of
entrainment is intermediate between the parental strains. The
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congenic lines were not expected to fully replicate the early
runner phenotype, as our previous QTL study on (B6 x CAST)
x CAST backcross progeny indicated that the Eral QTL on
chromosome 18 is responsible for approximately 10% of the
phenotypic variance (at least under the white lighting condi-
tions used in that study). Nonetheless, an advanced phase an-
gle of entrainment relative to B6 mice was indeed apparent in
B6.CAST.18P and B6.CAST.18M strains and is thus conferred
by CAST alleles on the mid-portions of chromosome 18.

CAST and B6 mice differ in circadian period, as shown here
and previously.'s The shorter circadian period in CAST might
contribute to the early phase of activity onset in these mice,
as shorter circadian period dictates an earlier activity onset in
entrained conditions, absent any other differences among ex-
perimental subjects.® However, in neither the genetically di-
verse B6 x CAST backcross' or intercross® populations, nor
the genetically uniform CAST population studied here, did
circadian period correlate significantly with phase angle of en-
trainment, as is often assumed. Furthermore, the coincidence of
early phase angle of entrainment and longer circadian period
in B6.CAST.18P and B6.CAST.18M mice relative to B6 was
not expected from this theoretical standpoint. It is possible that
circadian period is not lengthened intrinsically in B6.CAST.18P
and B6.CAST.18M mice, but rather it is increased as a conse-
quence of light exposure during the entrainment process. In-
deed, in the CAST strain (Figure 4E) and other rodent species,*
increases in circadian period (tau) can occur in response to light
exposure, as demonstrated by the “tau response curve.”** We hy-
pothesize that the lengthened circadian period in B6.CAST.18P
and B6.CAST.18M mice relative to both parental strains may
be due to the combination of (1) an intrinsic circadian period
similar to that of B6 mice, conferred by loci distinct from the
Eral QTL, and (2) slowing of the clock due to repeated daily
exposure to light at around the time of wheel running onset in
LD, conferred in part by the Eral locus.

The photic PRCs for CAST and B6 strains were virtually
identical when the abscissa values were transformed to account
for individual differences in timing of wheel running relative to
light exposure in the LD12:12 cycle. It is clear from this obser-
vation that circadian resetting in response to photic stimulation
is intact in CAST mice, and that the light-sensitive oscillator in
the SCN is functional. In fact, the magnitude of maximal phase
delays was somewhat greater in CAST than B6 mice, but did
not quite reach significance, perhaps due to the limited number
of phase delays collected within the 2-h peak phase delay win-
dow of the PRC. Rather than the photic phase-shifting response
being deficient in CAST mice, the timing of wheel running as an
output of the circadian clock is coupled to the light-sensitive os-
cillator at a distinct phase in CAST when compared to B6 mice.
In support of this model, the SCN oscillator itself, as defined
by rhythms of Period gene expression, is not detectably phase
advanced in early runner (B6 x CAST) x CAST mice relative to
controls.'”® Thus, alterations in activity rhythms may be a result
of downstream mechanisms on the output side of the clock,* as
appear likely in these CAST mice. The mammalian circadian
system is believed to be organized in a hierarchy: the master
clock located in the SCN controls the oscillations of down-
stream clocks, which in turn regulate rhythmic physiological
processes including activity/rest and sleep/wake cycles. Stud-
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Figure 7—Congenic lines demonstrate an effect of the chromosome 18 genotype on wheel running phenotype. (A) Portions of chromosome 18 have been
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et al"” with modification of the B6.CAST.18M genotypes according to our more detailed genotyping results. The current proximal flanking marker is D18Mit181
and the proximal internal marker is D18Mit51. Wheel running data from one male B6.CAST.18P mouse (B) and one male B6.CAST.18M mouse (C) were
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B6, B6.CAST.18P and B6.CAST.18M mice also differed significantly from CAST, P < 0.001, Student ¢ for unpaired measures.
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ies also suggest the presence of SCN-independent circadian os-
cillations that can be induced by timed non-photic stimulation
such as restricted food access.** Additionally, under a forced
desynchrony protocol, separate compartments within the SCN
can be shown to oscillate independently.® It is thus possible
that the mechanisms linking the SCN oscillator to downstream
oscillators, SCN-independent oscillators to SCN-oscillators,
or independent oscillators within the SCN, are modulated by
loci that are polymorphic between CAST and B6 mice, includ-
ing Eral. It is also possible that output pathways such as those
utilizing cardiotrophin-like cytokine, which normally inhibit
activity late in the day,* are deficient or altered in CAST mice.

The attenuated light masking of wheel running observed in
CAST mice relative to B6 mice is likely to influence, in part,
the early runner phenotype. Indeed, an early activity onset un-
der normal LD conditions would not be observed at all if CAST
mice were to exhibit negative masking to the same degree as
B6 mice. Both attenuation of masking and the advanced activ-
ity onset in LD were more robust in CAST mice when the light
exposure was restricted to approximately 83 lux of green light.
It is possible that the less-extreme early activity onset in CAST
mice entrained under ~160 lux of white light resulted from
modest negative masking, as activity density before lights-off
was reduced under white light compared to green light. Alter-
natively, this parallel may suggest that the spectral sensitivity,
and thus the relevant photoreceptors for phase determination
and masking, are similar if not identical. Both melanopsin
containing ganglion cells and classical photoreceptors are ca-
pable of performing non-image forming retinal irradiance de-
tection,’”* and consequently, it cannot be determined whether
any specific phototransduction pathway is deficient in CAST
mice based on the current results. It is worth noting, however,
that B6.CAST congenic lines exhibited intact negative mask-
ing, consistent with the fact that the advanced phase angle of
entrainment in B6.CAST.18P and B6.CAST.18M mice did not
lead to earlier activity onset under LD12:12 conditions, and that
no known photopigment genes map to the portion of chromo-
some 18 shared by the CAST segments in B6.CAST.18P and
B6.CAST.18M strains.

Collectively, these data begin to explain the early runner
phenotype phenomenologically, if not mechanistically. For en-
trainment to occur, CAST mice and B6 mice alike require a
phase-delaying effect of light to counteract the phase advanc-
ing effect of a circadian period less than 24 h. The advance
of wheel running onset in CAST mice relative to B6 mice re-
flects, in part, the difference in the timing of light responses
relative to wheel running in the two strains. Further, the at-
tenuation of negative masking in CAST mice allows the early
runner phenotype to be detected in LD12:12. Relationships
between entrained phase and other circadian properties have
been documented in many studies. In humans, subjects with
similar endogenous period length can still exhibit large varia-
tions in their time-of-day preference, as their clock differs in
oscillation amplitude and sensitivity to phase-shifting agents."
Despite an extremely long period, Clock mutant mice entrain
to an LD cycle at a phase that coincides with dark onset, as in
wild-type animals, because of a low-amplitude circadian oscil-
lation and consequently high-magnitude photic phase-shifting
responses produced by the Clock mutation.** The shorter cir-
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cadian period and slightly lower amplitude PRC in BALB/cJ
mice leads to a phase angle of entrainment that is similar to
that of the CAST mice observed in the current study, although
they exhibit very little wheel running in the hours before dark
onset in an LD12:12 cycle due to masking,*® even when similar
green light conditions are used.*' Our current study differs from
those reports by suggesting a novel mechanism of circadian
phase determination, which may involve altered coupling be-
tween different oscillators of the mammalian circadian system,
or between the SCN and major output pathways. In addition,
light-induced masking in CAST mice was impaired in concert
with the advanced phase angle of entrainment to maintain ro-
bust activity in the preferred circadian phase. This suggests the
possibility of positive selection for altered chronotypes among
wild populations of Mus musculus castaneus from which CAST
mice are derived. It is also conceivable that human chronotype
variation was and is under similar selection pressures, but as in
mice, this will have to await the identification of more specific
gene alleles that influence chronotype. Thus far, among com-
mon allelic variants already described in humans, Per3 alleles
are perhaps the best candidates.***

The phenotypic data from B6.CAST.18P and B6.CAST.18M
provide confirmation that the Era/ QTL on chromosome 18
identified in our previous work influences the unusual circadian
traits in CAST mice. Circadian QTL analysis has the poten-
tial to identify novel circadian loci. The refined Eral locus is
a 10 Mb region, containing 73 annotated and several predicted
genes. Among the candidate loci are Casein kinase I-alpha 1
(Csnklal) and Gastrin-releasing peptide (Grp). The former is
functionally similar to two other casein kinases known to influ-
ence circadian rhythms: casein kinase 16'* and casein kinase
le.”> We have sequenced the entire coding region, several in-
tron-exon boundaries, and several hundred base pairs upstream
from the transcription start site of Csnk/al in both CAST and
B6 genotypes. A small number of single nucleotide polymor-
phisms exist between the strains, but none appear to have func-
tional consequences (data not shown). GRP has been proposed
as the signal communicating across functionally heterogeneous
SCN sub-regions.* We have not, to date, sequenced any por-
tion of the Grp locus in the two strains. In a QTL study of (B6
x BALB) F2 hybrid mice, 5 QTLs and 2 epistatic interactions,
different from those loci that influence circadian period, were
found to influence the phase angle of entrainment.*' This ob-
servation further strengthens the QTL approach for the genetic
dissection of these poorly understood circadian traits. More
generally, CAST and the congenic mice derived from them are
likely to be a valuable resource for studies of the molecular
mechanisms of phase relationships, and their regulation by
light. The CAST strain may also provide a mouse model for
human ASPS and other circadian disorders related to sleep and
activity phase. Indeed, the complex and multifactorial nature of
the unusual circadian phenotypes seen in CAST mice is similar
to the majority of cases of ASPS in humans, as opposed to the
very rare point mutations causing familial ASPS.'*!
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