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Abstract
The amplitudes of many circadian rhythms, at the behavioral, physiological, cellular, and
biochemical levels, decrease with advanced age. Previous studies suggest that the amplitude of the
central circadian pacemaker is decreased in old animals. Recently, it has been reported that
expression of several circadian clock genes, including Clock, is lower in the master circadian
pacemaker of old rodents. To test the hypothesis that decreased activity of a circadian clock gene
renders animals more susceptible to the effects of aging, we analyzed the circadian rhythm of
locomotor activity in young and old wild-type and heterozygous Clock mutant mice. We found
that the effects of age and the Clock mutation were additive. These results indicate that age-related
changes in circadian rhythmicity occur equally in wild-type and heterozygous Clock mutants,
suggesting that the Clock mutation does not render mice more susceptible to the effects of age on
the circadian pacemaker.
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1. Introduction
Aging is associated with changes in the mammalian circadian timing system. These changes
include decreases in the amplitude of many overt rhythms, including the rhythms of
locomotor activity, drinking, body temperature, and the sleep–wake cycle [19,24,28,29,34],
as well as corresponding decreases in the amplitudes of at least two rhythms of
suprachiasmatic nucleus (SCN, site of the master mammalian circadian pacemaker)
physiology: the rhythms of neural firing rate and of glucose uptake [25,31,35]. Additionally,
species-specific changes in the free-running period in constant darkness (τ) are often
observed [15,21,27,28] Aging does not alter the size of the SCN or the number of neurons it
contains [14,36], suggesting that the effects of age are due to changes in the pacemaking
capabilities of the neurons or the connections between them.

Current models of the mammalian circadian clock suggest that individual neurons are
capable of generating circa 24-h rhythms [33]. These rhythms are produced by interlocking
molecular feedback loops of transcription, translation, and repression of transcription [22].
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Recently, we [11] and others [1] reported that aging is correlated with decreased expression
of several of the genes that make up these feedback loops, including both Clock and its
binding partner, Bmal1. These results led us to hypothesize that animals which carry a
mutation in a clock gene clock might be more susceptible to the effects of age on the
circadian rhythms.

The Clock mutant mouse presents a model to test this hypothesis, as both old rodents and
Clock mutant mice exhibit dampened circadian rhythms at the behavioral [20,30] and
electrophysiological levels [7,17,31], as well as altered expression of circadian clock genes.
Clock mutant mice carry a point mutation in the Clock sequence, which leads to the
skipping of exon 19 in the mature mRNA, thereby producing a shorter protein [10]. The
mutant form of the protein is able to dimerize with BMAL1, its binding partner, but cannot
activate transcription of E-box-containing sequences. This leads to decreased accumulation
of downstream protein products (including, but not limited to, the PER homologs) within the
cell [8]. At the behavioral level, heterozygous Clock mutant mice have a circadian period
approximately 25 h; homozygotes show 28-h rhythmicity for several cycles, followed by
arrhythmicity in the circadian range [30].

Given the important role of Clock in generating circadian rhythms in young mice [30], and
the fact that old rodents show decreased expression of several circadian genes, we
hypothesized that animals with a defective circadian clock would be more susceptible to the
effects of age on the circadian timing system. In the present set of experiments, we
examined the circadian rhythm of locomotor activity in wild-type and heterozygous Clock
mutant mice at 3 and 18 months of age. We found that the effects of age on the circadian
timing system are essentially independent of Clock genotype. These results suggest that the
age-related changes in circadian rhythms cannot be explained by changes in Clock activity
alone.

2. Materials and methods
2.1. Animals

All animals were bred and born at the Center for Experimental Animal Resources at
Northwestern University. Wild-type (C57BL/6J) and heterozygous Clock mutant mice (on a
coisogenic C57BL/6J background [30]) were used. Animals were designated as either young
(approximately 3 months old at the start of the experiment) or old (at least 18 months old at
the start of the experiment). Some of the old animals had previously been exposed to
varying light–dark (LD) cycles and running wheels when they were young.

2.2. Procedure
Animals were individually housed in cages equipped with a running wheel; a
microcomputer running Chronobiology Kit software (Stanford Software Systems, Stanford,
CA) recorded each revolution of the running wheel. The cages were kept in light-tight boxes
equipped with a 40 W fluorescent lamp. Food and water were available ad libitum
throughout the experiment. Animals were maintained in a 12 h/12 h LD cycle for at least 3
weeks. They were transferred to constant darkness (DD) by extension of the dark phase.
Three weeks later, they were given a 6-h light pulse (40 W fluorescent lamp, 300–400 lx)
beginning at circadian time CT 17; young Clock heterozygotes show significantly larger
phase shifts to such light pulses [13]. They were returned to DD and after 10 days were
sacrificed at CT 6. Brains were rapidly extracted, frozen on dry ice, and stored at −80 °C
until in situ hybridization.
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2.3. Probe template preparation
Total RNA was extracted from mouse brains with Trizol (Life Technologies, Bethesda, MD)
following the manufacturer’s protocol. Approximately 1 μg of RNA was reverse-transcribed
(RT) with MMLV-RT (Promega, Madison, WI, 200 U final concentration) in the presence
of dNTP (Promega, 500 μ/M), random hexamer primers (Promega, 2.5 ng/μl), RNAse
inhibitor (Promega, 20 U), and RT reaction buffer (Promega, 1X). The RNA and primers
were heated to 70 °C for 10 min and quenched on ice for 2 min. The remaining reaction
components were added, incubated 10 min at room temperature, then for 60 min at 37 °C,
and heat-inactivated for 5 min at 70 °C. An aliquot (1 μl) of this reaction product served as
the template for PCR reactions. The following primer pairs, purchased from Integrated DNA
Technologies (Coralville, IA), were used to PCR-amplify cDNAs with a T7 RNA
polymerase recognition site immediately 5′ of the antisense sequence: mPer1:5′-CCG GAA
TTC AGC TCT GCT GGA GAC CAC TGA-3′ and 5′-TAA TAC GAC TCA CTA TAG
GGA GAG TGT ATT CGG ATG TGA TAT GCT CC-3′; mPer2:5′-ACG AGA ACT GCT
CCA CGG-3′ and 5′-TAA TAC GAC TCA CTA TAG GGA GAA CAG CCA CAG CAA
ACA TAT CC-3′. The amplification conditions were: 94 °C for 3 min, followed by 25
cycles of 94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min, followed by a final incubation
at 72 °C for 5 min. The PCR was carried out with AmpliTaq (Perkin-Elmer) in the presence
of primers (250 nM each), dNTP (200 μM), and PCR buffer (1X). PCR products were
electrophoresed on 1% agarose gels and the bands of the expected size were excised and gel-
purified with QiaEX II (Qiagen, Valencia, CA).

2.4. In situ hybridization
The brains were sectioned on a cryostat at 20 μm through the SCN. Alternate sections were
collected on separate slides for hybridization with either mPer1 or mPer2 antisense
riboprobes. Sections were thaw-mounted onto gelatin coated slides and frozen at 80 °C until
ready for hybridization. All reagents were from Sigma Chemical Co. (St. Louis, MO) except
as indicated. Slides were thawed under cool air, fixed for 5 min in 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). They were treated with 2X SSC for 5 min, dipped in
DEPC-treated water, dipped in 0.1 M triethanolamine (TEA, pH 8.0), and acetylated for 10
min in 0.25% acetic anhydride in TEA. They were dipped briefly in 2X SSC, dehydrated
through an ethanol series, and stored under vacuum until completely dry. 33P-labeled
riboprobes were transcribed from PCR templates (see above) with Ambion’s MaxiScript kit
(Ambion Inc., Austin, TX). Probe was diluted in hybridization solution (50% formamide (v/
v), 300 mM NaCl, 10 mM Tris–HCl pH 8.0, 1 mM EDTA, 1X Denhardt’s solution, 10%
dextran sulfate (w/v), 750 μg/ml yeast RNA (Sigma R7125)) to a final concentration of
approximately 5 × 107 cpm/ml. Sections were hybridized overnight at 48 °C in a humid
chamber. The next day, coverslips were removed, and the sections were soaked in 4X SSC
for 10 min twice. They were treated with RNAse A (20 μg/ml in 2X SSC) for 30 min at 37
°C, washed in 2X SSC for 30 min at 37 °C, and stringently washed for 30 min in 0.1X SSC
at 60 °C. The sections recovered for 10 min in 1X SSC, were dehydrated through an ethanol
series, vacuum dried, and exposed to Kodak Bio-Max MR film.

2.5. Data analysis and statistics
All activity data were recorded in 1-min bins using The Chronobiology Kit (Stanford
Software Systems, Stanford, CA). The free-running period was calculated with a chi-
squared periodogram (Chronobiology Kit) over the last 10 days in DD before the light pulse.
The relative power of the circadian component of the fast-Fourier transformation (FFT) of
the same data was calculated by ClockLab (Actimetrics, Inc., Evanston, IL). Average total
activity per day (Chronobiology Kit) and the number of bouts of activity per day [20] were
also computed over the same interval. Phase shifts were calculated by eye-fitting lines
through the onsets of activity before and after administration of the light pulse.
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In situ hybridization autoradiograms were scanned into a Power Macintosh at 2700 dpi with
a Sprint Scanner (Polaroid, Inc., Cambridge, MA). The intensity of the signal in the SCN
was quantified with NIH Image 1.6.1 and was calibrated to 14C microscales (Amersham)
included in each cassette. To allow for comparison of data from multiple in situ
hybridization experiments, data from each animal was normalized to the mean signal
intensity for young wild-type animals in that experiment.

The data were analyzed with ANOVAs (Statview, Abacus Systems, Berkeley, CA; NCSS
97, Number Cruncher Statistical Systems, Kaysville, UT). Phase shifts were transformed
into degrees and compared with F tests modified for use on circular statistics, although this
method allows for only one independent variable (i.e. one can measure the effect of either
age or genotype but not age x genotype interactions) [4]. Effects were considered significant
at P<0.05. Data are reported as mean ± S.E.M.

3. Results
We found effects of age on several parameters of circadian rhythmicity. Representative
actograms from young and old wild-type and Clock/+ mice are depicted in Fig. 1. The effect
of the Clock mutation on τ is clearly visible, as is the effect of age on rhythm consolidation.
Quantitative analysis of locomotor activity data revealed that old mice had significantly
more bouts of locomotor activity per day than young mice (P<0.0001; see Fig. 2A). Aging
also significantly reduced the relative power of the fast-Fourier transformation of the
activity data in the circadian range (FFT; P< 0.0001; see Fig. 2B) and the number of wheel
revolutions per day (P<0.0001; see Fig. 2C). There was no effect of age on either the free-
running period in constant darkness (see Fig. 2D), or the magnitude of phase shifts induced
by a 6-h light pulse at CT 17 (see Fig. 2E).

Consistent with previously reported results [30], Clock mutant mice had significantly longer
τ and lower relative FFT power in the circadian range than wild-type mice (P’s <0.0001; see
Fig. 2D and B). Clock mutant mice also ran in their wheels significantly less than wild-type
mice (P< 0.05; see Fig. 2C). There was a significant effect of genotype (P<0.001), but not
age (P>0.50), on the magnitude of the phase shifts induced by a 6-h light pulse at CT 17 (see
Fig. 2E). In an attempt to detect age x genotype interactions, the phase-shifting data were
also subjected to a two-way ANOVA, which revealed that Clock mutant mice had larger
phase shifts than +/+ mice, although there was no age x genotype interaction (P = 0.87). In
fact, there were no significant age x genotype interaction effects for any of the circadian
parameters measured.

In situ hybridization experiments revealed that at CT 6, Clock mutant mice expressed less
mPer1 (P<0.01; see Fig. 3) and mPer2 (P<0.05; see Fig. 4) mRNA in the SCN than wild-
type mice. The expression of these two genes was not influenced by age, nor were there age
x genotype interactions (P’s >0.22).

4. Discussion
The results of these experiments suggest that the effects of aging and Clock genotype on the
circadian timing system are additive, not interactive. That is, Clock mutant mice are as
susceptible as wild-type mice to the effects of age on the circadian clock. While they clearly
have altered circadian rhythms as young adult animals, and these disruptions are exacerbated
by age, the age-related changes in the rhythms of mutant mice are similar to those of wild-
type mice.

The present data confirm some of the previously reported effects of age on the mouse
circadian clock. Valentinuzzi et al. [28] found that in wild-type C57BL/6J mice (the same
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strain as the +/+ mice used here), age increases the number of bouts of locomotor activity
per day and decreases the total amount of wheel-running activity; we found the same effects
of age on these parameters independent of Clock genotype (see Fig. 2A and C). We also
found that the relative power of the FFT of activity data decreased in old age (see Fig. 2B).
Together with the increase in the number of bouts of activity per day, this suggests that the
amplitude of, coupling within, or output from the master circadian pacemaker is decreased
by age, and is consistent with both in vitro and in vivo data collected from aging rodents
[12,23–25,35]. Recently, Aujard et al. [2] reported that aging decreased the amplitude of the
rhythm of firing rate in individual SCN neurons, suggesting that the effects of age on the
circadian pacemaker are at the level of individual cells, although this does not necessarily
preclude the possibility that coupling strength, either between individual pacemaking
neurons or between the pacemaker and its outputs, is influenced by age.

It has previously been reported that τ lengthens in aging C57BL/6J mice [15,28], although
we found no change in τ here (see Fig. 2D). Data from the literature on the age-related
change in τ are ambiguous; at least one other study of the effects of aging on the circadian
rhythms of C57BL/6J mice failed to find a change in τ [32]. Experiments on the effects of
age on τ in other species are also conflicting: for example, there are several reports of a
shortening of τ in old golden hamsters [16,18,21,23], although one recent report found no
significant age-related change in τ in the same species [6]. Similarly, in humans, there are
recent reports of both changes [9] and lack of changes [5] in τ with advancing age. The
effect of age on τ appears to be subtle at best; when it has been found the magnitude of the
change in τ is often on the order of 0.5 h or less.

Although we did not observe an age-related change in τ in either wild-type or Clock/+ mice,
we did find evidence of decreased amplitude of the circadian pacemaker in old animals.
Relative FFT power, which reflects how much of the variability in the activity rhythm is due
to circa 24-h components, decreased as both wild-type and Clock mutant mice aged.
Relative FFT power may be a better indicator of the state of the circadian pacemaker than τ,
as it reflects rhythm amplitude. The age-related changes in τ are relatively subtle (see
above), and the direction of the change, when it is observed, tends to be species-dependent
(e.g. aging shortens τ in hamsters but lengthens it in mice). Given that age-related changes
in τ have been found by some researchers and not others, we are reluctant to draw strong
conclusions as to whether or not this is a hallmark of aging of the circadian timing system.
Together the data from the present experiment suggest that a mutation that has pronounced
effects on the circadian timing system of young adult animals (i.e. being heterozygous for
the Clock mutation) does not have a major effect on the way the circadian rhythm of
locomotor activity changes with age.

Aging did not alter the expression of either mPer1 or mPer2 in the SCN at CT 6. Given the
importance, these genes have in the generation of circadian rhythms [3,26,38,39], one might
expect that expression of either or both of these per homologs would be decreased in the
SCN of old mice. While we found no support for this hypothesis, the data are consistent
with those recently obtained from both hamsters and rats [1,11,37]. We recently reported
that across the circadian cycle, there are no differences between young and old hamsters in
the expression of either Per1 or Per2, although light induced less Per1 in the SCN of old
hamsters [11]. Asai et al. [1] found similar results in rats, while Yamazaki et al. [37] found
that advanced age does not dampen rhythmic expression of a Per1-driven luciferase in the
SCN of rats. It appears that while induction of the per homologs by light is altered in old
age, the daily rhythm of expression of these genes is similar in the SCN of young and old
rodents.
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We sought to determine if Clock plays a causal role in the severity of age-related changes in
the circadian timing system. Evidence for such a role would be indicated by effects of age
on Clock mutant mice that are different from those typically seen in wild-type mice. As we
found that the effects of age were on the circadian timing system were similar in wild-type
and mutant mice, we conclude that Clock is not the primary causative agent of the age-
related changes in circadian rhythmicity. It is possible that the effects of age on the circadian
timing system may be due to changes in the expression or activity of one or more of the
other circadian clock genes. However, since the expression of Per homologs in the SCN is
not altered by age [1,11], it is also possible that age-related changes in the expression of
circadian rhythmicity are due to alterations in the efficacy of communication between the
thousands of individual pacemakers that comprise the mammalian SCN, or to a decrease in
the strength of coupling between the oscillating mechanism and the output signal. Old
rodents show a lower peak firing rate of SCN neurons [25], which could lead to decreased
synchrony amongst the various oscillators.

A limitation of this experiment was that Clock mutant mice were only compared to wild-
type mice at two ages. Thus a difference in the rate of age-related changes in circadian
rhythmicity without a change in their severity would not be detected by the method used
here. It is possible that the Clock mutation makes mice susceptible to the effects of age on
the circadian timing system at an earlier age. Differences of this sort could be revealed either
by studying more groups of wild-type and Clock mutant mice at intermediate ages, or by
repeatedly examining a cohort of animals at multiple ages through a longitudinal study.
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Figure 1.
Representative activity records from young (top) and old (bottom) wild-type and Clock
mutant mice. Data from wild-type mice are on the left, and data from age-matched Clock/+
mice are on the right. The phase shifts near the bottom of each record are the result of a 6-h
light pulse delivered at CT 17.

Kolker et al. Page 9

Neurobiol Aging. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effects of age on various parameters of the circadian timing systems of wild-type and Clock
mutant mice. Compared to young mice, old mice had significantly more bouts of activity per
day (A), lower relative FFT power in the circadian range (B), fewer wheel revolutions per
day (C). Age did not affect free-running period in constant darkness (D) or the magnitude of
the light-induced phase shift (E). Clock mutant mice had significantly lower relative FFT
power (B) and running wheel activity (C). The Clock mutation also led to a significantly
longer free-running period (D) and larger phase shifts to a 6-h light pulse delivered at CT 17
(E). Open bars: wild-type mice. Dark bars: Clock heterozygotes.
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Figure 3.
The expression of mPer1 was significantly lower in the SCN of Clock mutant mice at CT 6.
(A) Autoradiograms of hypothalami from representative young and old wild-type and Clock
mutant mice. (B) mPer1 signal in the SCN of animals from each group. Age did not
significantly affect mPer1 expression.

Kolker et al. Page 11

Neurobiol Aging. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
The Clock mutation significantly decreased expression of mPer2 in the SCN at CT 6. (A)
Autoradiograms of hypothalami from representative young and old wild-type and Clock
mutant mice. (B) mPer2 signal in the SCN of animals from each group. There was no effect
of age on the mPer2 expression.
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