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Voluntary scheduled exercise alters diurnal rhythms of
behaviour, physiology and gene expression in wild-type
and vasoactive intestinal peptide-deficient mice
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Key points

e The circadian system drives rhythms of behaviour, physiology and gene expression in alignment
to a light—dark cycle, and misalignment of the internal clock with the external environment
can lead to disease.

e We sought to determine whether scheduled exercise could alter rhythmic properties in mice
while subjected to the strong entrainment effects of light and whether we could improve diurnal
deficits observed in the vasointestinal polypeptide (VIP)-deficient mouse.

e Scheduled exercise altered daily rhythms of activity, physiology and gene expression in wild-type
and VIP-deficient mice.

e Scheduled exercise during the late night improved many of the rhythmic deficits observed in
VIP-deficient mice, including changes in gene expression within the suprachiasmatic nucleus,
the site of circadian rhythm generation.

e The results raise the possibility that scheduled exercise could be a tool to drive and improve
daily rhythms in humans to mitigate the negative consequences of circadian misalignment.

Abstract The circadian system co-ordinates the temporal patterning of behaviour and many
underlying biological processes. In some cases, the regulated outputs of the circadian system,
such as activity, may be able to feed back to alter core clock processes. In our studies, we used
four wheel-access conditions (no access; free access; early night; and late night) to manipulate the
duration and timing of activity while under the influence of a light—dark cycle. In wild-type mice,
scheduled wheel access was able to increase ambulatory activity, inducing a level of exercise driven
at various phases of the light—dark cycle. Scheduled exercise also manipulated the magnitude and
phasing of the circadian-regulated outputs of heart rate and body temperature. At a molecular
level, the phasing and amplitude of PER2:LUCIFERASE (PER2::LUC) expression rhythms in
the SCN and peripheral tissues of Per2::Luc knockin mice were altered by scheduled exercise.
We then tested whether scheduled wheel access could improve deficits observed in vasointestinal
polypeptide-deficient mice under the influence of a light—dark cycle. We found that scheduled
wheel access during the late night improved many of the behavioural, physiological and molecular
deficits previously described in vasointestinal polypeptide-deficient mice. Our results raise the
possibility that scheduled exercise could be used as a tool to modulate daily rhythms and, when
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applied, may counteract some of the negative impacts of ageing and disease on the circadian
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Introduction

The endogenous circadian system drives co-ordinated
rhythms of behaviour, physiology and gene expression
and responds to a variety of external cues in order to
synchronize to the changing environment. Photic input
is the primary driver that resets the circadian clock by
directly modulating the function of the central oscillator
located in the hypothalamus, called the suprachiasmatic
nucleus (SCN; Reppert & Weaver, 2002). Light can alter the
molecular feedback loop found in the individual neurons
of the SCN, by shifting the timing of expression of its clock
gene components (i.e. Period, Cryptochrome and Bmall;
Yamazaki et al. 2000; Davidson et al. 2008). The SCN,
through neural, humoral and paracrine mechanisms,
drives the molecular clock and rhythms of individual cells
in various peripheral tissues that enable the co-ordination
of biological processes (Kalsbeek et al. 2006; Dibner
et al. 2010). In addition to light, the circadian system
is responsive to changes in its environment, resources
and conditions. For example, activity is a behavioural
output regulated by the circadian system and, at altered
intensities or timing, can feed back and modulate circadian
regulation of outputs (Yamada er al. 1988; Reebs &
Mrosovsky, 1989; Edgar & Dement, 1991; Mrosovsky,
1996).

In rodents, the effects of stimulated activity induced
by wheel access on the circadian system have been
demonstrated by a variety of studies. The phase of
the circadian system shifts in response to wheel access
administered at certain times of the day (Reebs &
Mrosovsky, 1989). Wheel access scheduled at 24 h intervals
during constant dark conditions synchronized rhythms of
wild-type (WT) mice (Edgar & Dement, 1991) and helped
improve behavioural rhythms in circadian-compromised
mouse models (Power et al. 2010). Furthermore,
re-entrainment to a shifted light-dark cycle can be
accelerated or delayed depending on whether wheel access
is allowed in phase or out of phase of the new light—dark
cycle, respectively (Mrosovsky & Salmon, 1987; Dallmann
& Mrosovsky, 2006; Castillo et al. 2011). Activity during
the subjective day has also been shown to result in an
acute decrease the expression of clock genes (Periodl and
Period2) in the SCN (Maywood et al. 1999; Yannielli
et al. 2002), indicating an effect of activity on the

central pacemaker. Furthermore, recent in vivo studies
have described close correlations between the firing rate
of neurons in the SCN and the level of behavioural
activity, supporting a direct interaction between the
two processes (Schaap & Meijer, 2001; Houben et al.
2009).

In our studies, we measured rhythms of behaviour,
physiology and gene expression in WT mice subjected
to wheel-access conditions that manipulated the timing
and duration of activity, during a 12h-12h light—dark
cycle. We first examined the effects of free wheel access
on activity and then restricted the opportunity to run,
by providing scheduled wheel access during the first or
second half of the dark phase. Scheduled wheel access
better reflects the limited time that humans spend active
or exercising. Furthermore, examination of the effects of
wheel access during a light—dark cycle takes into account
interactions of photic and non-photic input, conditions in
which the circadian system has evolved. We also measured
the ability of the wheel-access conditions to reorganize
daily rhythms of heart rate (HR), body temperature and
gene expression. Lastly, to test whether activity alters or
rescues a disrupted circadian system, we extended our
studies and examined the effects of wheel access on vaso-
intestinal polypeptide (VIP)-deficient mice, a model that
exhibits circadian deficits.

Methods
Ethical approval

All experiments were conducted according to the
recommendations and guidelines of the University of
California Los Angeles Division of Laboratory Animals
and the National Institutes of Health.

Experimental animals

We examined the effects of wheel access in
Vip—/—;Per2::Luc and age-matched Vip+/+;Per2::Luc
littermate control mice. The mPer2"“ knockin line on the
C57BL/6] background (a gift from Dr J. S. Takahashi; Yoo
et al. 2004) was crossed with the Vip—/—;Phi—/— line, also
on the C57BL/6] background (created and maintained in
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our facilities; Colwell et al. 2003) and backcrossed for five
or six generations. Mice from this line were maintained
as a homozygous line for the Per2::Luc fusion gene. The
peptide histidine isoleucine (Phi) is coded by the same
locus as Vip; therefore both peptides are deficient.

Telemetry measurements

Wild-type (n=7) and VIP-deficient mice (n=7;
4-5months old) were anaesthetized with isoflurane
(2-3%) vaporized in oxygen, surgically implanted with
a wireless radiofrequency transmitter (ETA-F20; Data
Sciences International, St Paul, MN, USA) and sub-
sequently housed in individual cages. These cages
contained running wheels equipped with an auto-
mated wheel-locking device that prohibits/allows wheel
running at specified times of the day without human
stimulation or arousal. Cages were placed on top of
telemetry receivers (Data Sciences International) in a
light- and temperature-controlled chamber, where mice
were provided with standard rodent chow ad libitum.
Data collection began 2 weeks postsurgery, to allow mice
to recover in the 12h-12h light-dark cycle condition.
Throughout the experiment, we recorded 20 s of the ECG
waveform every 10 min, which was used to extrapolate HR
using the RR interval. Likewise, 20 s recordings of body
temperature and ambulatory activity (in arbitrary units;
a.u.) were averaged and recorded every 10 min.

In conditions of a 12 h—12 h light—dark cycle, four WT
and three VIP-deficient mice were subjected to no wheel
access, free wheel access, followed by wheel access between
zeitgeber (ZT) 12-18 and 18-24 (h); ZT 0 is defined as
lights on. For the remaining mice (three WT and four
VIP-deficient mice) the order of the conditions was altered
(no access, free access, ZT 18-24 and ZT 12-18) to mini-
mize any order effects of scheduled wheel access. Each
mouse was subjected to all of the wheel-access conditions
and remained in each condition for a minimum of 16 days.

Behavioural analysis

We produced sample actograms for ambulatory activity,
HR and body temperature from WT and VIP-deficient
mice subjected to various wheel-access conditions.
The y-axes were kept consistent within and between
genotypes for all three measurements, namely ambulatory
activity (0-30a.u.), body temperature (35-38°C) and
HR (475-675 beats min~'). We produced average wave-
forms by binning 3 h averages of HR, body temperature
and ambulatory activity and aligned 10 consecutive days
of data using the time of lights on. Rhythms of HR,
body temperature and ambulatory activity were analysed
by periodogram analysis combined with a x? test (El
Temps software, Barcelona, Spain) using the strongest
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amplitude (i.e. power, calculated as percent of variance,
% V) of periodicities (within 20 and 31h limits) to
reflect the robustness of the rhythm. We used ClockLab
software (Actimetrics, Wilmette, IL, USA) to calculate the
acrophase of daily rhythms, which is the phase in the cycle
during which the cycle peaks. Data from the last 10 days
in each wheel-access condition were used for all analyses.

Activity monitoring via video-tracking system

Wild-type (n=4) and VIP-deficient mice (n=>5;
3—6 months old) were individually housed in cages with
a 12h-12h light-dark cycle while provided with ad
libitum access to food and water. Wheel-access conditions
included no access and late night access and were
locked/unlocked manually. The computer was equipped
with video-capture cards (Adlink Technology, Inc., Irvine,
CA, USA) connected to surveillance cameras with a visible
light filter attached (Gadspot, Inc., City of Industry, CA,
USA), with one camera for every two cages viewed from
the side. Infrared lighting was mounted above the cages
for consistent lighting in changing light—dark conditions.
Any-Maze software (Stoelting, Co., Wood Dale, IL, USA)
was used to track the animals’ ambulatory activity by back-
ground subtracting the live video footage with an image
of an empty cage (Fisher et al. 2012). The duration of
ambulatory movement was summed into 1h intervals,
and average waveforms were produced using 2 days of
data from each mouse.

Bioluminescence

Wild-type and VIP-deficient mice (n = 6-9; 4-6 months
old) were subjected to each of the wheel-access conditions
for at least 2 weeks before they were deeply anaesthetized
with isoflurane and sacrificed by decapitation for
PER2-driven bioluminescence recording using a photo-
multiplier tube photodetector (Lumicycler, Actimetrics,
Wilmette, IL, USA). For these studies, wheels were locked
manually. Our culture conditions are as described by
Yamazaki & Takahashi (2005), and dissections are detailed
in Loh ef al. (2011). Briefly, mice were killed during
ZT 10-12, and the SCN, liver, heart and adrenals were
dissected and placed on Millicell membranes (0.4 uM,
PICMORGS50; Millipore, Bedford, MA, USA) in 35 mm
dishes with 1.2 ml of recording media containing 0.1 mm
luciferin (sodium salt monohydrate; Biosynth, Staad,
Switzerland). Heart explants were taken from atrial tissue
using a single cut with a sterile scalpel. The dishes were
sealed using high-vacuum grease (Dow Corning, Mid-
land, MI, USA) and placed in the Lumicycler maintained
at 37°C. Bioluminescence was recorded for at least 7 days.
Using the Lumicycler analysis software (Actimetrics,
Wilmette, IL, USA), raw data were normalized by
subtraction of the recorded baseline followed by the
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subtraction of the 24h running average. Peaks and
troughs were identified to calculate amplitude, period
and timing of PER2:LUCIFERASE (PER2:LUC) peaks.
To calculate the timing of PER2::LUC peaks, we calculated
the number of hours from ZT 12 of dissection day, and
compared the average timing of the peak that occurred
between 36 and 60 h from the time of dissection. Period
was calculated by averaging the time interval between
four peaks, starting from the first peak that occurred after
36 h of recording. Amplitude was calculated by measuring
the bioluminescence value at the peak of the waveform
that occurred between 36 and 60 h and subtracting the
bioluminescence value of the subsequent trough.

Statistics

For all analyses, we compared free-access and scheduled
access against no-wheel-access conditions, separately. For
within-genotype analysis, we used Student’s paired ¢ test
to compare average ambulatory activity, HR and body
temperature, as well as rhythmic power and acrophase
between no-access and free-wheel-access conditions. We
used a one-way repeated measures ANOVA to compare
these same parameters between no-access and the
two scheduled wheel-access conditions. Average wave-
form comparisons between no-access and free-access
conditions and between no-access and scheduled access
conditions were analysed using a two-way repeated
measures ANOVA. Comparisons of period, amplitude
and timing of PER2:LUC peaks between no-wheel-access
and free-wheel-access conditions were analysed using
Student’s unpaired t test, while comparisons between no
wheel access and scheduled access were analysed using a
one-way ANOVA.

For genotypic comparisons between WT and
VIP-deficient mice, we used a two-way repeated measures
ANOVA to compare the power and acrophase of
ambulatory activity, HR and body temperature between
no access and free access or between no access and
scheduled wheel access. A two-way ANOVA was used
to compare period, amplitude and timing of PER2:LUC
peaks between genotypes.

Statistical analyses were performed using Sigma Plot
10.0 software (San Jose, CA, USA). All data were tested
for normal distribution and variance, but in cases where
the data did not pass these tests we used non-parametric
statistical tests (e.g. Wilcoxon signed rank test or
Mann—-Whitney rank sum test) to determine significance.
Following ANOVA, post hoc tests (Holm-Sidak or
Student—Newman—Keuls method) were used to identify
significantly different groups. We report the appropriate
t, Q, F or H statistics and include the degrees of freedom
for each analysis. We report some of the post hoc statistics
for comparisons that were not significant.

A. M. Schroeder and others

J Physiol 590.23

Results

Ambulatory activity in WT mice provided with free
access to the wheel

Using telemetry, we recorded ambulatory activity in freely
moving WT mice given either no access or free access
to the running wheel (Fig.1A). Free access increased
the 24h averages of ambulatory activity compared
with conditions without access (tg = —4.22, P =10.006;
Supplemental Table 1). In comparing the average wave-
forms of ambulatory activity (Fig. 1B), we found that
ambulatory activity increased selectively during the dark
phase of the light—dark cycle (Supplemental Table 2),
demonstrating an induction of exercise during the
normal active phase of WT mice. Lastly, the power of
ambulatory activity rhythms was improved with free
access to the wheel (t¢=—4.86, P=0.003; Fig.1C),
while acrophase was not altered (t; =2.053, P =0.086;
Fig. 1D).

Ambulatory activity in WT mice provided
with scheduled access to the wheel

We shortened the duration of wheel access to two
different phases of the light—dark cycle to test whether
the limited opportunity for running would alter the
levels and timing of ambulatory activity in WT mice
when compared with no-access conditions. Wheel access
restricted to 6h each day, scheduled either during the
early night (ZT 12-18) or the late night (ZT 18-24;
Fig. 1A), did not change the 24 h averages of activity
(Supplemental Table 1). However, we detected significant
increases in ambulatory activity that were dependent on
the time of day (Fig.1B and Supplemental Table 2).
Compared with no-access conditions, ambulatory activity
was significantly increased during the times of wheel
availability. The power of ambulatory activity rhythms
was significantly improved (F, 5 = 21.0, P < 0.001) with
access in the early night (¢, =5.65, P < 0.001) and late
night (t;, =5.57, P <0.001; Fig. 1C). Lastly, scheduled
wheel access shifted the acrophase of ambulatory activity
rhythms (F, 50 = 74.0, P < 0.001). Access in the early night
advanced the acrophase (f;, =7.27, P < 0.001), whereas
access in the late night (¢, = 4.82, P < 0.001) delayed the
acrophase of activity (Fig. 1 D). Video analysis confirmed
that the WT mice were more active when the wheel
was available in the late night compared with no-access
conditions (Supplemental Fig. 1A and Supplemental Table
3). We demonstrate that scheduled wheel access altered
levels of activity, improved ambulatory activity rhythms
and shifted its acrophase, indicating that manipulation of
wheel access can induce exercise at specified times of the
light—dark cycle.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Effect of wheel access on HR and body temperature
of WT mice

We recorded HR (Fig.2A) and body temperature
(Fig. 3A) from WT mice subjected to the various exercise
schedules to determine whether other circadian-regulated
physiological outputs were altered. Compared with
no-wheel-access conditions, 24 h averages of HR were

increased with free access (s = —3.66, P=0.011) as well
asscheduled wheel access (F, 5o = 13.2, P < 0.001), during
either the early night (¢, =4.31, P=0.001) or the late
night (#;; =4.59, P < 0.001; Supplemental Table 1). Free
access increased HR at all time points of the day except
during ZT 12-14 (Fig.2B and Supplemental Table 2).
Wheel access during the early night increased HR at all
time points except for the few hours before lights off.
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Figure 1. Wheel access increased levels and altered rhythmic properties of ambulatory activity in
wild-type (WT) mice

A, double-plotted raster plot using 10 consecutive days of ambulatory activity recording from the same WT
mouse subjected to the four wheel-access conditions in the presence of a 12 h—12 h light-dark cycle. In this
and subsequent figures, each horizontal row represents a 24 h period plotted twice with each day/row plotted
in succession. The light-dark cycle is specified by the white and black bars above each graph. Shaded areas
indicate when the wheel was available. The profile of ambulatory activity rhythms is clearly altered by the various
wheel-access conditions. B, group mean waveforms using 10 days of ambulatory activity data from WT mice
(n =7) subjected to the various wheel-access conditions. Ambulatory activity data are grouped into 3 h bins.
Ambulatory activity levels increased when wheel access was available. For statistical results, see Supplemental
Table 2. C, increased power of ambulatory activity rhythms in WT mice subjected to wheel-access conditions.
Power measurement was produced by periodogram analysis using 10 days of behavioural data. (% V = percent
of variance) D, shifts in the acrophase of ambulatory activity rhythms were induced by scheduled wheel access.
Early night access advanced while late night access delayed the acrophase of ambulatory activity. For this and sub-
sequent figures the average acrophase from 10 days of data was calculated using the ClockLab software, average
waveform comparisons were analysed using a two-way repeated measures ANOVA, and power and acrophase
comparisons were analysed using a one-way repeated measures ANOVA. Error bars represent SEM (*P < 0.05).

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Late night access increased HR starting at ZT 18, when
the wheel was available and throughout most of the light
phase up until ZT 8. Free access did not alter the power
of HR rhythms, but scheduled wheel access (F, 50 = 4.41,
P =0.037) during the early night (¢,, =2.79, P=0.017)
significantly increased power (Fig. 2C). The acrophase of
HR rhythms was not shifted by free access, but scheduled
access (F, 0 =24.7, P<0.001) during the late night
effectively delayed the acrophase (t;, =5.77, P < 0.001;
Fig.2D).

Average body temperatures of WT mice were decreased
by free access (t;=3.15, P=0.02), as well as by
scheduled access (F, . =7.43, P=0.008) in both the
early night (#,, =3.12, P=0.009) and the late night
(t;; =3.52, P=0.004) when compared with no wheel
access (Supplemental Table 1). Free access decreased body

A WT no access free access

A. M. Schroeder and others

J Physiol 590.23

temperatures during most of the light phase and increased
body temperature during the first few hours of dark
(Fig. 3B and Supplemental Table 2). Wheel access in the
early night resulted in significantly higher temperatures at
the time of wheel access and a decrease in temperature in
the hours following the end of the wheel-access period.
Access in the late night increased body temperature
at the beginning of wheel access, and decreased body
temperatures in the late part of the day and early night.
The power of body temperature rhythms was not changed
with either free or scheduled wheel access (Fig. 3C). Lastly,
free wheel access did not change the acrophase of body
temperature rhythms, but scheduled access (x*, =10.3,
P =0.004) during the early night advanced the acrophase
(q12=3.21, P <0.05), while access in the late night
delayed the acrophase (g, = 3.21, P < 0.05; Fig. 3D).
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Figure 2. Wheel access altered daily rhythms of heart rate (HR) in WT mice

A, double-plotted raster plot of HR using 10 consecutive days of HR recording from the same WT mouse subjected
to the four wheel-access conditions in the presence of a 12 h—-12 h light-dark cycle. B, group mean waveforms
using 10 days of HR recordings from WT mice (n = 7) subjected to the various wheel-access conditions. The HR
data were grouped into 3 h bins. Heart rates were increased at most time points of the light-dark cycle, including
periods when the wheel was available. For statistical results, see Supplemental Table 2. C, increased power of HR
rhythms in WT mice subjected to early night wheel access. Power measurement was produced by periodogram
analysis using 10 days of HR data. D, late night access delayed the acrophase of HR rhythms of WT mice. Error

bars are SEM (*P < 0.05).
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Effect of wheel access on PER2:LUC rhythms in the
SCN and peripheral tissues of WT mice

In WT mice, manipulating the timing of wheel access
altered properties of behaviour and physiology. We
wanted to explore whether wheel access would also
change properties of the molecular clock by recording
PER2-driven bioluminescence rhythms of SCN (Fig. 4A),
heart, liver and adrenals from Per2::Luc mice subjected to
the various wheel-access conditions.

We first examined the effect of wheel access on the
timing of PER2:LUC peaks, which would reflect the
phasing of gene expression in the various tissues. In
the adrenals (t14, =—2.97, P=0.01) and livers of WT
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mice (t14=—2.17, P=0.047), free access delayed the
timing of PER2:LUC peaks (Fig.4B). Scheduled wheel
access also had a significant effect on the timing of
PER2:LUC in both the liver (F,,; =8.05, P=0.003)
and adrenals (F,,; =6.73, P=0.006). In the liver,
early night (¢, =3.54, P=0.002) and late night access
(t14=3.41, P=0.003) delayed the timing of peaks,
whereas in the adrenals only early night access (4, = 3.61,
P =0.002) caused a significant delay. In the heart, free
access (t;3 = —1.34, P = 0.20) and scheduled wheel access
(Fs3 =2,23, P=0.092) had no significant effect on
timing (Fig.4B). In the SCN, the average timing of
PER2::LUC peaks was not significantly different between
mice subjected to the various wheel-access conditions
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Figure 3. Wheel access altered daily rhythms of body temperature in WT mice

A, double-plotted raster plot of body temperature using 10 consecutive days of temperature recording from the
same WT mouse subjected to the four wheel-access conditions in the presence of a 12 h—12 h light—dark cycle.
B, group mean waveforms using 10 days of temperature recordings from WT mice (n = 7) subjected to the various
wheel-access conditions. Temperature data were grouped into 3 h bins. Wheel access increased temperature when
wheel access was available, but also decreased temperatures at certain time points of their rest phase. For statistical
results see Supplemental Table 2. C, wheel access did not alter the power of body temperature rhythms in WT
mice. Power measurement was produced by periodogram analysis using 10 days of temperature data. D, wheel
access altered the acrophase of body temperature rhythms. Early night access advanced while late night access
delayed the acrophase of body temperature. The average acrophase from 10 days of data was calculated using

the ClockLab software. Error bars are SEM (*P < 0.05).

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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(free access, U =24, P=0.44; and scheduled access,
F, 53 =0.60, P =0.56); however, the range of peak times
was increased when mice were allowed any amount of
running (no access, 2.48 h; free access, 7.28 h; early night,
9.0 h; and late night, 6.0 h; Fig. 4C).

We next examined the effect of wheel access on
the period of PER2:LUC rhythms in the various
tissues (Supplemental Table 4). Free-access conditions
lengthened the period of PER2:LUC in the SCN
(t1g = —2.22, P =0.04) aswell asin the heart (¢, = —2.29,
P =0.04), but there was no effect in the liver or adrenals.
Early night (f;4, =4.79, P <0.001) and late night wheel
access (t14=3.07, P=0.006) lengthened the period of
PER2::LUC bioluminescence in the adrenals (F, ,; = 11.8,
P < 0.001) but not in the SCN, heart or the liver.

Lastly, we examined the effect of wheel access on
the amplitude of PER2:LUC rhythms in the SCN and

A. M. Schroeder and others
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peripheral tissues. In the adrenals, free access had no
effect, but scheduled wheel access (H, = 12.35, P = 0.002)
during the early (q;4=3.12, P <0.05) and late night
(q1a =4.95, P < 0.05) increased the amplitude of rhythms
(Supplemental Table 5). We did not find a significant
change in amplitude in any of the other peripheral tissues.
In the SCN, free access did not change the amplitude of
PER2:LUC rhythms compared with no access (Fig. 4D).
Scheduled wheel access, on the contrary, had a significant
effecton SCN PER2::LUC amplitude (H, = 9.3, P =0.01),
whereby wheel access in the early night (Q;; =2.73,
P < 0.05) decreased the amplitude.

In summary, wheel access delayed the timing of
PER2:LUC rhythms in some of the peripheral tissues and
produced a variable effect on timing in the SCN of WT
mice. There are also effects on amplitude and period in
the SCN and some peripheral tissues.
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Figure 4. Effects of wheel access on PER2::LUC rhythms in the suprachiasmatic nucleus (SCN) and peri-

pheral tissues of WT mice

A, example bioluminescence waveforms from the SCN of WT mice subjected to wheel-access conditions. B, average
timing of PER2::LUCIFERASE (PER2::LUC) peaks in the peripheral tissues of WT mice. Significant delays in timing
were detected in the adrenals and livers. C, average timing of PER2::LUC peaks in the SCN of WT mice (larger
symbols with error bars) did not significantly differ between wheel-access groups; however, when examining
individual samples (smaller grey circles), the variability of the timing was increased when mice were provided
with any form of wheel access. The x-axis represents the number of hours after ZT (Zeitgeber) 12 of culture day.
D, effects of wheel access on the amplitude of PER2::LUC rhythms in the SCN of WT mice, where early night
wheel access significantly dampened the amplitude of PER2::LUC rhythms compared with no-access conditions.
Average PER2::LUC timing and amplitude were analysed using a one-way ANOVA. For statistical results, see main

text. Error bars are SEM (*P < 0.05).
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Late night access rescues circadian parameters of
behaviour, physiology and gene expression in
VIP-deficient mice

We subjected VIP-deficient mice to the four wheel access
conditions (Fig. 5A) to explore whether we could alter or
rescue circadian parameters, which are disrupted in these
mice. Consistent with previous reports, VIP-deficient mice
without wheel access displayed an advanced acrophase in
ambulatory activity (t;, =7.21, P < 0.001; Fig. 5C), HR
(t1=3.38, P=10.002; Fig.5D) and body temperature
(t1=9.22, P <0.001; Fig.5E) as well as lower power
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of HR (#;, =3.93, P=0.001; Fig.2C vs. Supplemental
Fig. 2B) and body temperature rhythms (¢, =3.41,
P=0.002; Fig.3C vs. Supplemental Fig. 2C) when
compared with WT control mice (Supplemental Table
6; Schroeder et al. 2011). At a molecular level, we pre-
viously reported that the timing of PER2::LUC peaks was
advanced in the heart (#;4, = 2.28, P =0.03) and adrenals
(t14=2.14, P=0.041), with a measured trend in the
liver (#4,=1.89, P=0.069; Supplemental Fig. 3A and
Supplemental Table 7; Loh et al. 2011). In the SCN, there
were no significant differences in the timing of PER2:LUC
peaks between genotypes (Supplemental Fig. 3B), but the
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Figure 5. Wheel access altered daily rhythmic properties of ambulatory activityy, HR and body
temperature in vasointestinal polypeptide (VIP)-deficient mice

A, double-plotted raster plot using 10 consecutive days of ambulatory activity from the same VIP-deficient mouse
subjected to the four wheel-access conditions in the presence of a 12 h—12 h light-dark cycle. The profile of
ambulatory activity rhythms is altered by wheel access. B, group mean waveforms using 10 days of ambulatory
activity data from VIP-deficient mice (n = 7) subjected to the various wheel-access conditions. Ambulatory activity
data were grouped into 3 h bins. Wheel access increased ambulatory activity levels at certain time points of the
light—dark cycle, including periods when wheel access was provided. For statistical results see Supplemental Table
8. Late night wheel access delayed and rescued the acrophase of ambulatory activity (C) and HR (D) in VIP-deficient
mice. Body temperature acrophase was also delayed but only partly rescued (£; see main text and Supplemental
Table 6). Open triangles represent WT acrophase subjected to no wheel access; crosses represent WT acrophase
subjected to late night wheel access. Error bars are SEM (*P < 0.05).
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amplitude of the rhythm was significantly dampened in
VIP-deficient mice (¢4 =3.37, P =0.002; Fig. 6A and B
and Supplemental Table 7).

When VIP-deficient mice were provided with free
wheel access, 24 h average ambulatory activity significantly
increased (ts = —3.827, P = 0.009; Supplemental Table 1),
the power of ambulatory activity rhythm was improved
(ts = —3.97, P=0.007; Supplemental Fig. 2A) and the
daily profile of ambulatory activity was altered (Fig.5A
and B and Supplemental Table 8). Scheduled wheel access
did not change 24 h average activity in VIP-deficient mice
(Supplemental Table 1); however, we did find alterations
in ambulatory activity levels dependent on the time of
day (Fig.5A and B and Supplemental Table 8). Only
late night wheel access was able to delay the acrophase
of ambulatory activity (x*, = 11.1, P=0.001; q;, = 4.54,
P <0.05), effectively rescuing the advanced acrophase
when compared with WT mice (Fig. 5C). Video analysis
confirmed that the VIP-deficient mice spent more time
being active in the late night when the wheel was available
(Supplemental Fig. 1B). Scheduled wheel access improved
the power of ambulatory activity rhythms (x*, = 8.86,
P =0.008) in the early night (g1, =4.16, P < 0.05) and
late night (g1, =3.74, P < 0.05) in VIP-deficient mice,
but the increase in power brought about by late night
access was significantly lower when compared with WT
mice (f, =3.90, P <0.001; Fig. 1C, Supplemental Fig.
2A and Supplemental Table 6). Overall, by scheduling
wheel access in VIP-deficient mice, we increased levels
of ambulatory activity at certain phases of the light—dark
cycle when wheel access was provided, improved the power
of ambulatory activity rhythms and rescued its timing by
providing late night wheel access.
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We found that wheel access altered the profile of HR
(Supplemental Fig. 4A and B) and body temperature
rhythms (Supplemental Fig. 5A and B) in VIP-deficient
mice (Supplemental Table 8). Similar to ambulatory
activity, late night wheel access delayed the acrophase
of HR (x*,=28.00, P=0.016; g, =3.806, P <0.05;
Fig. 5D) and body temperature (F, .y = 6.46, P =0.012;
t1, =3.24, P=0.007; Fig.5E) in VIP-deficient mice,
which eliminated the differences in acrophase of HR when
compared with WT mice, while improving the relative
phasing of body temperature (f;; =3.12, P=0.004;
Supplemental Table 6). The acrophase resulting from
free wheel access remained advanced in VIP-deficient
mice (ambulatory activity, f,=2.58, P=0.013;
HR, t#,=5.28, P<0.001; and body temperature,
t1 =38.08, P <0.001), whereas early night running
eliminated differences between genotypes because
WT mice advanced their acrophase (Supplemental
Table 6).

At a molecular level, free (T =46, P=0.024) and
scheduled wheel access (H, = 8.21, P = 0.017; early night,
q1a = 4.05, P < 0.05; and late night, q;, = 2.90, P < 0.05)
significantly delayed the timing of PER2::LUC peaks in the
heart, such that the differences in phasing between WT
and VIP-deficient mice were eliminated (Supplemental
Fig. 3A and Supplemental Table 7). In the liver, we did
not detect changes in the timing of peaks in VIP-deficient
mice subjected to either free or scheduled wheel access
(Supplemental Fig. 3A). When compared with WT,
PER2:LUC timing in the livers of VIP-deficient mice
was different during free access (4 = 2.76, P =0.01), but
no differences were detected when the mice were sub-
jected to scheduled wheel access (Supplemental Table 7).
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Figure 6. Effects of wheel access on amplitude of PER2::LUC rhythms in the SCN of VIP-deficient mice
A, example bioluminescence waveforms from VIP-deficient mice subjected to the wheel-access conditions.
B, effects of wheel access on the amplitude of PER2::LUCIFERASE (PER2::LUC) rhythms in the SCN of VIP-deficient
mice, where late night wheel access significantly improved the amplitude of PER2::LUC rhythms such that the
amplitude was no longer significantly different when compared with WT mice (see main text and Supplemental
Table 7). Dotted lines represent WT levels. The average PER2::LUC amplitude was analysed using a one-way
ANOVA. Genotypic comparisons were analysed using a two-way ANOVA. Error bars are SEM (*P < 0.05).
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In the adrenals, only free access delayed PER2:LUC
peaks (f;5=3.32, P=0.005) and eliminated genotypic
differences in timing, but PER2::LUC phasing remained
advanced in VIP-deficient mice subjected to scheduled
access (early night, #,=4.12, P<0.001; and late
night t;, =2.80, P=0.008; Supplemental Fig. 3A and
Supplemental Table 7). We also detected some changes
in period (Supplemental Table 4) and amplitude of
PER2::LUC rhythms (Supplemental Table 5) in peripheral
tissues of VIP-deficient mice as a result of wheel access
(Supplemental Table 7).

In the SCN, free and scheduled access did not change the
average timing of PER2::LUC peaks in VIP-deficient mice
(Supplemental Fig. 3B), and no differences were detected
between genotypes (Supplemental Table 7). However,
there was an increase in the range of timing of PER2::LUC
peaks in mice subjected to early night access (no access,
5.5h; and early night, 19.2h). Lastly, the amplitude
of PER2:LUC rhythms in the SCN of VIP-deficient
mice was increased when mice were subjected to
late night access (q4 =4.15, P < 0.05; Fig. 6B), which
eliminated the differences between genotypes and rescued
the amplitude in VIP-deficient mice (Supplemental
Table 7).

Discussion

The effects of stimulated activity on the circadian system
have previously been studied, usually in conditions
of controlled constant environments or by examining
responses to single bouts of stimulated activity (Reebs
& Mrosovsky, 1989; Edgar & Dement, 1991; Marchant
& Mistlberger, 1996; Buxton et al. 1997, 2003; Kas &
Edgar, 2001; Maywood & Mrosovsky, 2001; Canal &
Piggins, 2006; Koletar et al. 2011). However, most of life
and the circadian pacemaker have evolved in the pre-
sence of the entrainment effects of daily light—dark cycles;
therefore, responses to environmental factors may differ
when studied during light-dark cycles or in constant
conditions (Mrosovsky, 1996; Roenneberg et al. 2010).
In our studies, we examined the ability of voluntary
activity to modify rhythms while mice were entrained
to a light-dark cycle. We altered the duration and
timing of wheel access for at least 2weeks to drive
wheel-running activity at different phases within the dark
period in WT mice and examined whether we could
reorganize rhythms in behaviour, physiology and gene
expression. Also, we subjected VIP-deficient mice to the
same scheduled wheel-access conditions in an attempt
to improve their abnormal entrainment to a light—dark
cycle.

Our studies demonstrated that scheduled wheel access
increased levels of ambulatory activity, thereby inducing
a level of exercise at specified times of the light—dark

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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cycle in WT mice (Aufradet et al 2012). Consistent
with previous studies, we found that free access to the
running wheel during a light—dark cycle increased the
levels of ambulatory activity throughout the dark phase
(de Visser et al. 2005). We also showed that scheduled
wheel access, restricted to 6h during the early or late
night, increased activity levels during the period of wheel
availability, thereby advancing and delaying the acrophase
of ambulatory activity, respectively. Previous studies in
hamsters found that arousal with a novel wheel at the
end of the dark phase altered the phasing of activity
onset in a light—dark cycle (Mistlberger, 1991). This daily
stimulation of activity is encoded within the circadian
system, whereby the effects on behaviour are sustained
for many days after removal of the stimulus (Sugimoto
et al. 1994; Reebs & St-Coeur, 1994; Mistlberger &
Holmes, 2000). Furthermore, when animals entrained
to various phases of stimulated activity are deprived of
arousal and placed in constant conditions, the period of
activity diverges, which suggests that encoding of activity
within the circadian system is dependent on its timing
(Mistlberger, 1991; Reebs & St-Coeur, 1994). The observed
modulation of circadian properties by stimulated activity
during a light—dark cycle suggests that this manipulation
could potentially drive and organize rhythms of other
behavioural and physiological outputs regulated by the
circadian system.

We were able effectively to induce exercise and alter the
timing of ambulatory activity relative to the light—dark
cycle in WT mice, which subsequently altered the
daily profile and timing of HR and body temperature
rhythms (Sugimoto et al. 1994), two physiological outputs
responsive to changes in activity and whose function is
regulated by the circadian system (Abe et al. 1979; Warren
et al. 1994). Exercise during the early night advanced
the acrophase of body temperature rhythms, whereas
late night exercise delayed the acrophase of both body
temperature and HR rhythms. Shifts in the timing of
physiological rhythms may be driven by the metabolic
cycles induced by scheduled exercise (Kohsaka et al.
2012). Our results demonstrated that even in the pre-
sence of the strong entrainment effects of a light—dark
cycle, scheduled exercise shifted the timing of physiological
rhythms.

In addition to the effects on physiology, scheduled
exercise altered properties of the molecular clock in the
SCN and peripheral tissues of WT mice, suggesting that
daily exercise feeds back to the clock to modulate tissue
and cell function and that the changes in behavioural
and physiological rhythms are not merely acute responses.
Within the SCN, the average timing of PER2::LUC peaks
was not significantly different between the four conditions;
however, the variability in the timing of PER2::LUC peaks
was increased, indicating that scheduled exercise, even
in the presence of a light—dark cycle, altered molecular
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phasing in the SCN of WT mice. Other studies have
demonstrated that single bouts of arousal during the
middle of the day can also alter the molecular clock of
the SCN (Maywood et al. 1999; Yannielli et al. 2002).
In addition to changes in phasing, we also detected a
significant blunting of PER2:LUC amplitude caused by
early night running, which could be a result of reduced
PER2:LUC protein levels, a loss of synchrony among
individual neurons or a combination of both. This result
was fairly surprising, considering the robust rhythms
of activity in mice subjected to early night running.
Furthermore, mice subjected to free-access conditions,
which run during the first 6 h of darkness, retained robust
rhythms in PER2:LUC in the SCN. Therefore, running
late at night may be providing cues that maintain robust
molecular rhythms.

In peripheral tissues, wheel access delayed the timing
of the PER2:LUC peak in the liver and adrenals, but
no significant effects were measured in the heart of WT
mice. We also detected a boost in PER2:LUC amplitude
in the adrenals of WT mice. Changes in amplitude and
timing of the molecular clock were also documented in
zebrafish subjected to exercise during the day (Egg et al.
2012). The adrenals may be responding directly to the level
of exercise (Otawa et al. 2007; Cagampang et al. 2011),
whereas the molecular phasing in the liver may shift in
response to reorganization in the timing of feeding due
to scheduled exercise (Hirao et al. 2010). Studies have
shown that other non-photic inputs, such as feeding, can
uncouple the central and peripheral oscillators during a
light—dark cycle, effectively altering the molecular clock
in the peripheral tissues but leaving the SCN unaffected
(Damiola et al. 2000; Honma & Honma, 2009). Our studies
demonstrated a clear effect of non-photic manipulation
on properties of the central oscillator in rhythmically
robust mice, suggesting that exercise-mediated changes
of daily rhythms involve alterations in SCN function.
Furthermore, this implies that exercise could be used as
a tool to drive rhythms within the SCN even under the
influence of a light—dark cycle.

Vasointestinal polypeptide is localized to a subset of
neurons within the SCN and is thought to promote
coupling among single-cell oscillators to produce coherent
output signals (Vosko et al. 2007). During a light—dark
cycle and without wheel access, the loss of VIP or its
receptor (VIPR2) leads to reduced power of behavioural
and physiological rhythms, as well as an advancement in
their onset (Bechtold et al. 2008; Sheward et al. 2010;
Schroeder et al. 2011; Hannibal et al. 2011). The phasing
of the molecular clock in peripheral tissues parallels
behaviour in VIP-deficient mice, such that Period2 mRNA
or PER2::LUC protein peaks a few hours before that in
WT mice (Loh et al. 2011). Within the SCN, although the
average phasing of PER2::LUC is not altered, the amplitude
of rhythms is significantly depressed in VIP-deficient
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mice (Loh ef al. 2011). Scheduled wheel access during
the late night was able to rescue many of the observed
deficits of VIP-deficient mice during a light—dark cycle.
Exercise in the late night increased ambulatory activity
levels and improved the power of its rhythm. Late night
exercise also delayed the acrophase of ambulatory activity
rhythms such that the phase was no longer different
when compared with WT mice. This manipulation was
also able to delay the acrophase of both HR and body
temperature rhythms significantly in VIP-deficient mice,
rescuing or improving the phase when compared with WT
mice, respectively. This manipulation, however, did not
rescue the power of HR and body temperature rhythms.
At a molecular level, the average phasing of PER2::LUC
peaks in the SCN were not different between genotypes.
Notably, late night wheel access increased the amplitude
of PER2::LUC rhythms in the SCN of VIP-deficient mice
to WT levels, suggesting an improvement of cell-to-cell
synchrony in the SCN despite the absence of VIP. Lastly,
wheel access at night delayed the timing of PER2::LUC
in the heart and liver of VIP-deficient mice such that
they were no longer advanced compared with WT mice,
which also improved the phase relationship of peri-
pheral tissues with the SCN. Overall, we demonstrated
an improvement in several properties of diurnal rhythms
in circadian-compromised VIP-deficient mice. These mice
display deficits in the light response pathway, and therefore
have poor entrainment when exposed to a light—dark
cycle. Exercise specifically in the late night may be altering
SCN properties either by promoting better synchrony
among neurons and/or altering clock gene expression that
optimizes the phase at which light hits the molecular
clock, enhancing the ability of light to drive molecular
rhythms in the SCN. Future work will need to ascertain the
mechanisms by which late night exercise impacts the SCN
oscillator.

Exercise itself has many beneficial effects on the
body (Warburton et al. 2006; Mercken et al. 2011), but
our studies demonstrated that the timing of exercise
is important in altering physiology as well as gene
expression in various tissues. Although the ability to
exercise differs between species, timed exercise could be
a tool to manipulate and/or stabilize daily rhythms in
humans. Co-ordinated timing of behaviour and physio-
logy, as well as their alignment to the light—dark cycle,
is important because misalignments are correlated with
the development of disease (Navara & Nelson, 2007;
Stevens, 2009; Thorpy, 2011; Kivimiki et al. 2011).
During conditions in which entrainment to the light—dark
cycle is disrupted, whether as a result of genetics,
age or disease (Maywood et al. 2006; Takahashi et al.
2008; Colwell, 2011), timing of exercise could help shift
rhythms to realign better with the external environment,
which could potentially delay or prevent development of
disease.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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