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Disruptions in sleep/wake cycles, including decreased amplitude of rhythmic behaviors and fragmentation of the sleep episodes, are commonly
associated with aging in humans and other mammals. While there are undoubtedly many factors contributing to these changes, a body of
literature is emerging, suggesting that an age-related decline in the central circadian clock in the suprachiasmatic nucleus (SCN) may be a key
element responsible. To explore age-related changes in the SCN, we have performed in vivo multiunit neural activity (MUA) recordings from the
SCN of freely moving young (3–5 months) and middle-aged (13–18 months) mice. Importantly, the amplitude of day–night difference in MUA
was significantly reduced in the older mice. We also found that the neural activity rhythms are clearly degraded in the subparaventricular zone,
one of the main neural outputs of the SCN. Surprisingly, parallel studies indicate that the molecular clockwork in the SCN as measured by PER2
exhibited only minor deficits at this same age. Thus, the circadian output measured at the level of neural activity rhythms in the SCN is degraded
by aging, and this decline occurs before the disruption of key components of the molecular clockwork.

Introduction
Disruptions in sleep/wake cycles, including decreased amplitude
of rhythmic behaviors and fragmentation of the sleep episodes,
are commonly associated with aging in humans and other mammals (Bliwise, 1993; Turek et al., 1995; Dijk et al., 1999; Van
Someren, 2000). The mechanisms underlying these changes are
unknown; however, there is growing evidence that age-related
changes within the central circadian clock (SCN) may be responsible. The aged SCN exhibits altered expression of the key neuropeptides (Kawakami et al., 1997; Krajnak et al., 1998; Duncan et
al., 2001) that would be expected to disrupt the synchrony of the
SCN population and decreases in glucose utilization (Wise et al.,
1988) consistent with such a decrease in synchrony. The observation that some of the age-related decline in behavioral rhythmicity can be reversed by implanting fetal SCN tissue into the
third ventricle (Van Reeth et al., 1994; Viswanathan and Davis,
1995; Cai et al., 1997) leads additional support to the hypothesis
that age-related changes in the SCN play an important role in
driving the age-related behavioral changes. Previous work has
shown the electrophysiological activity of aged SCN neurons in
vitro is altered (Satinoff et al., 1993; Watanabe et al., 1995; Aujard
et al., 2001; Biello, 2009), findings that raise the possibility that
electrical activity rhythms that are essential for circadian output
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may be impacted early in the aging process. In the present study,
we sought to determine whether circadian rhythms in spontaneous electrical firing in the SCN and subparaventricular zone
(SPZ) are reduced in freely behaving, middle-age mice.

Materials and Methods
Animals. Male C57BL/6J mice and PER2::LUC knock-in mice (C57BL/6J
background) (Yoo et al., 2004) from our breeding colony were used for
the experiment. Animals were maintained under controlled environmental conditions (temperature, 22 ⫾ 2°C; light:dark [LD] 12:12 h, light
⬃300 lux) with food and water available ad libitum. All procedures and
standards of care were approved by the University of California, Los Angeles
Division of Laboratory Animals and were conducted according to the National Institutes of Health guidelines for the use of experimental animals.
Locomotor activity recording. Male C57BL/6J mice were classified into
two groups: young adult (average age, 3.19 ⫾ 0.12 months) and middleaged (12.75 ⫾ 0.21 months). Animals were then housed individually in
cages with a running wheel. Locomotor activity was measured as running
wheel revolutions recorded in 1 min bins and analyzed with CLOCKLAB
software (Actimetrics).
In vivo multiunit neural activity recording from SCN and SPZ. The
experiments were performed as previously described (Nakamura et al.,
2008). Young adult (4.28 ⫾ 0.50 months) and middle-aged (15.30 ⫾ 1.89
months) male C57BL/6J mice were anesthetized under isoflurane (2–5%;
Phoenix Pharmaceutical) and placed on a stereotaxic instrument (David
Kopf Instruments). Electrodes were inserted into the brain, aimed at the
SCN (0.1 mm posterior and 0.2 mm lateral to the bregma, 5.9 mm depth
from the skull surface) or SPZ (0.2 mm posterior, 0.2 mm lateral to the
bregma, and 5.7 mm depth), and attached directly to the skull. After
surgery, each mouse was transferred to an open-top cage with a running
wheel mounted on one side in a light-tight box with a 12:12 h LD cycle.
Output signals were processed by differential input integration amplifiers (Burr-Brown) and then fed into AC amplifiers (bandpass, 500 Hz to 5
kHZ; gain, ⫻10,000). Spikes were discriminated by amplitude and
counted in 1 min bins by using a computer-based window discrimination system. Simultaneously with neural activity monitoring, the loco-
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motor activity in individual mice also was
detected as running wheel revolutions recorded in 1 min bins and stored on a computer.
After study completion, each animal was anesthetized, and a positive current (2 A; 60 s) was
passed through the recording electrodes. The
brain was removed and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer containing 5%
potassium ferrocyanide (Sigma–Aldrich). Serial
coronal sections (40 m) were stained with
neutral-red, and blue spots of deposited iron
were identified with the recording site.
Immunohistochemistry. The methods were
similar to those previously described (Kudo et
al., 2011). Young adult (2– 4 months; average
age, 2.90 ⫾ 0.19 months) and middle-aged (12
months; 11.96 ⫾ 0.07 months) male C57BL/6J
mice were used. Rabbit anti-PER2 (1:1000; Alpha Diagnostics) was used. All immunopositive cells within the SCN of these regions were
counted manually at 400⫻ with the aid of a
grid (200 ⫻ 400 m). All immunopositive cells
within the grid were counted equally without
regard to the intensity of the staining. Counts
were performed by two observers blinded to
the treatment protocol, and the results were
averaged. Control experiments in which the
primary antibody was not added did not exhibit any positive staining.
Figure 1. Reduced circadian behavioral rhythm in middle-aged mice. Representative double-plotted actograms of wheelReal-time monitoring of bioluminescence. The
running activity in C57BL/6J mice showing the effect of aging on circadian rhythms of locomotor activity of young (A) and
methods were similar to those previously demiddle-aged (B) mice. The mice were maintained in LD cycle for 2 weeks and then transferred into DD. Lighting conditions are
scribed (Nakamura et al., 2010). Ex vivo exindicated at the top of the figure; open bars are light phases and closed are dark. C, D, Integrated mean wheel-running activities
plants of the SCN from young adult (3– 6
were plotted along 24 h for the LD condition (C: young, n ⫽ 8; D: middle-aged, n ⫽ 10).
months) and middle-aged (13–16 months)
PER2::LUC mice were prepared between Zeitmiddle of the day or subjective day, in approximate antiphase
geber time 10 –11, with the explants entering the Lumicycle photometer
with locomotor activity. In contrast, all of the middle-aged SCN
(Actimetris). The bioluminescence signal was counted in 1 min bins for at
least 7 d without changing media, and data were normalized by subtraction
(n ⫽ 4) showed continually fluctuating levels of MUA leading to
of the 24 h running average from the raw data and then smoothed with a 2 h
degraded “noisy” circadian rhythms on LD cycles and in DD
running average (Origin Lab software). The amplitude was summed by the
when compared with the records from young animals. The MUA
highest point and the lowest point of the each cycle.
of SCN negatively correlated to the locomotor activity. The corStatistics. Statistical significances between two groups were deterrelation coefficients between locomotor activity and MUA in the
mined by Student’s unpaired t test. Statistical significances for three or
SCN of young and middle-aged mice were ⫺0.42 ⫾ 0.04 and
more groups were determined by one-way ANOVA followed by Tukey’s
⫺0.30 ⫾ 0.09, respectively. The day–night ratio of MUA in the
post hoc analyses. All results are presented as the mean ⫾ SEM and were
considered significant at p ⬍ 0.05.
middle-aged SCN (1.50 ⫾ 0.37-fold) was significantly lower

Results
Reduced circadian behavioral rhythm in middle-aged mice
We observed clear reduction in the amplitude of the circadian locomotor rhythm in the 12–14 month, “middle-aged” mice when compared with younger animals (Fig. 1). Both young and middle-aged
mice expressed clear rhythms in wheel-running activity in both LD
and constant darkness (DD) conditions; however, the amplitudes are
markedly different. Along with the reduction in overall activity, middleaged mice exhibited more fragmented activity (young, 3.79 ⫾ 0.5
bouts/d; middle aged, 6.28 ⫾ 0.8; p ⬍ 0.05). Most of the circadian parameters that we could measure continue to decline with age.
Reduced multiunit neural activity rhythms in the SCN and
SPZ of middle-aged mice
We implanted single bipolar electrodes into either the SCN (n ⫽
8) or SPZ (n ⫽ 10) to monitor the long-term multiunit neural
activity (MUA) (Fig. 2). All of the young mice (n ⫽ 4) exhibited
clear daily rhythms in MUA in the SCN when they were exposed
to LD cycles as well as robust free-running circadian rhythms
when were placed in DD. The peak in MUA occurred in the

( p ⬍ 0.05) compared with the young mice (3.00 ⫾ 0.83-fold).
Interestingly, the accumulated MUA count per day in the
middle-aged SCN (1.62 ⫻ 10 6 MUA counts/d) was significantly
larger ( p ⬍ 0.05) than young SCN (1.15 ⫻ 10 6 MUA counts/d).
The SPZ of young mice (n ⫽ 5) also showed clear daily and
circadian rhythms (Fig. 3). In contrast to the SCN, the SPZ exhibited circadian rhythms with peak activity occurring at night or
during the subjective night, closely mirroring locomotor activity.
In young adult SPZ, the MUA exhibited clear rhythms with day–
night ratio (night/day) reached 3.23 ⫾ 1.50-fold. Although the
middle-aged SPZ (n ⫽ 5) exhibited relatively clear MUA rhythm
in both LD and DD, the day–night ratio (night/day) was significantly lower ( p ⬍ 0.05) than young SPZ (1.53 ⫾ 0.51-fold). The
accumulated MUA in the middle-aged SPZ (2.70 ⫻ 10 6 MUA
counts/d) was also larger than young SPZ (1.16 ⫻ 10 6 MUA
counts/d), but it did not reach to the significant level ( p ⫽ 0.08).
In addition, the MUA of SPZ positively correlated to the locomotor activity, and aging significantly reduced the correlation coefficients (0.60 ⫾ 0.03 for young and 0.36 ⫾ 0.07 for middle-aged;
p ⬍ 0.05).
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Figure 2. Reduced MUA rhythm in the SCN of middle-aged mice in vivo. Representative serial-plotted actograms of neural and locomotor activity showing diurnal and circadian
rhythms of MUA in the SCN of young (A) and middle-aged (B) mice. Lighting conditions are indicated at the top of the figure; open bars are light phases and closed are dark. Bottom
trace represents simultaneous recorded locomotor activity. The number of spikes for MUA or activity counts for locomotor activity was counted every minute. C, D, Integrated mean
activities were plotted for the LD condition. Each of four individual recordings was normalized with 24 h moving average and integrated for each group. Data are shown mean ⫾ SEM,
n ⫽ 4 per group.

Figure 3. Reduced MUA rhythm in the SPZ of middle-aged mice in vivo. Representative serial-plotted actograms of neural and locomotor activity showing diurnal rhythms of MUA in the SPZ of
young (A) and middle-aged (B) mice. Lighting conditions are indicated at the top of the figure; open bars are light phases and closed are dark. Bottom trace represents simultaneous recorded
locomotor activity. The number of spikes for MUA or activity counts for locomotor activity was counted every minute. C, D, Integrated mean activities were plotted for the LD condition. Each of four
individual recordings was normalized with 24 h moving average and integrated for each group. Data are shown mean ⫾ SEM, n ⫽ 5 per group.
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PER2 expression rhythms of middleaged SCN in vivo and ex vivo
To determine if the molecular machinery
necessary to generate circadian oscillations
was affected by aging, we used immunohistochemistry (IHC) and bioluminescence to
examine PER2 expression rhythms within
the SCN (Fig. 4). For IHC experiments, the
wheel-running activity of young and middle-aged mice in LD was monitored, and the
mice were placed in DD for 3 d. Mice (n ⫽
3–9 per time point) from each age group
were sampled at four different points in the
daily cycle (CT 2, 8, 14, and 20). PER2 was
strongly expressed in the SCN of both ages
with immunoreactivity seen throughout the
SCN. As measured by the PER2 rhythm, we
do not see any evidence that the molecular
clockwork is disrupted in the aging mice.
We also examined bioluminescence rhythms
from young and middle-aged SCN from
PER2::LUC knock-in mice to follow the Figure 4. Unaltered PER2 expression rhythms in SCN of middle-aged mice. A, Photomicrographs of SCN tissue of each group in
amplitude and phase of each tissue over middle (200⫻) and high (400⫻) magnification. IHC was used to measure PER2 immunoreactivity in the SCN (n ⫽ 3–9 per time
time. Both young and aged SCN clearly point) of young and middle-aged mice. Tissue was collected in four phases of the daily cycle (CT 2, 8, 14, 20). B, Numbers of PER2
showed circadian rhythms of PER2::LUC immunopositive cells in the SCN varied as a function of time of day with highest count in early night (CT 14). C, PER2::LUC rhythms
expression. While most parameters were the as measured by photomultiplier tube in the SCN. Typical examples of bioluminescence of young and middle-aged SCN explants. D,
same, there was a significant difference in Amplitude of PER2::LUC expression in the SCN over days in culture. Data are shown mean ⫾ SEM, n ⫽ 16 for young group and n ⫽
the amplitudes between young and middle- 8 for middle-aged group, *p ⬍ 0.05.
aged group after the first couple of cycles in
mice showed a reduced correlation between MUA and locomotor
culture. Although the free-running periods did not differ between
activity, a finding that is consistent with a reduced circadian output.
the groups, there was also a significant increase in cycle-to-cycle
We were also able to extend our analysis to a major output pathvariability between young (1.17 ⫾ 0.1) and middle-aged mice
way
of the SCN, the SPZ. The aged SPZ exhibits a reduced amplitude
(2.74 ⫾ 0.2; p ⫽ 0.005). Overall, the bioluminescence records from
electrical
rhythm that is expressed in antiphase to the SCN (Fig. 3).
the SCN were very similar between the two ages.
An obvious interpretation of this result is that the age-related reduction in amplitude of the SCN electrical rhythm leads to a reduced
Discussion
drive on the SPZ. Such an interpretation is consistent with the results
The most important observation of the present study is that the
from experiments in rat in which when the SCN was surgically isoamplitudes of electrical activity rhythms recorded from the SCN
lated, circadian rhythms were lost in regions surrounding the SCN
in vivo are already in decline by middle age (Fig. 2). This obser(Inouye and Kawamura, 1979). In this model, the SCN is the source
vation of reduced circadian output complements prior recordof neural circadian rhythms, and other brain regions are made
ings made in SCN brain slice preparations (Satinoff et al., 1993;
rhythmic through their connection with the SCN. One has to be
Watanabe et al., 1995; Nygard et al., 2005; Biello, 2009), as well as
cautious about this interpretation, however, as we now recognize
cultured SCN neurons (Aujard et al., 2001) that indicate the in
that many brain regions exhibit rhythms in molecular expression
vitro MUA rhythms are reduced in amplitude. The results we
(Abe et al., 2002), and it is possible that the electrical rhythm in the
have obtained using in vivo recording gives us assurance that the
SPZ, although synchronized by the SCN, is of intrinsic origin. The
age-related changes observed in the brain slice preparation are
fact that middle-aged SPZ recordings are more regular (although
due to bona fide alterations in neuronal rhythmicity associated
still less regular than in young animals) than middle-aged SCN
with aging. One apparent difference between our in vivo recordrhythms suggests that the SCN may not simply drive a rhythm on the
ing and prior in vitro studies in aged animals is the irregularity
SPZ, at least in its high-frequency detail.
of the SCN electrical rhythms. Unlike the electrical rhythms of
Interacting molecular feedback loops driving rhythmic tranyoung animals, middle-aged animals showed high variability bescription and translation of key clock genes such as Period (Hasttween adjacent measurement intervals. Such irregularity is not
ings et al., 2003) are at the core of the oscillatory mechanism
evident in slice SCN recordings; however, some of the difference
responsible for driving circadian oscillations. As a first screen for
with prior studies may be due to their larger collection intervals
possible deficits in this molecular clockwork, we looked at PER2
(1 h vs 1 min bins used in the present study). In addition, as there
expression (Fig. 4 A, B). We did not see any evidence for an ageis evidence that the SCN is influenced by activity in other brain
related disruption with this in vivo assay. Using ex vivo biolumiregions (Deboer et al., 2003; Vansteensel et al., 2003), the increased
nescence monitoring of PER2::LUC-driven luciferase activity in
bin-to-bin variability could reflect degradation of regulation by
transgenic mice, we found both the phase and the amplitude on
other brain regions rather than reflecting a noisy aged SCN. Our in
the first cycle to be indistinguishable between young and middlevivo data are consistent with an earlier study on glucose utilization
aged mice (Fig. 4C). There was a significant impact on the amplicomparing young and middle-aged female rats (Wise et al., 1988).
tude after the third cycle that may indicate an age-related increase
Such metabolic differences might be expected if spontaneous electrical activity is reduced in aged animals in vivo. The middle-aged
in damping of these molecular oscillations. Other studies looking
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at the impact of aging on clock gene expression within the SCN
have found robust rhythms in the expression of Period genes
(Asai et al., 2001; Yamazaki et al., 2002; Kolker et al. 2004; Davidson et al., 2008) while others have found evidence for an agerelated disruption in Per2 (Weinert et al., 2001) and other clock
genes (Kolker et al., 2003; Wyse and Coogan, 2010). Our observation that the electrical rhythms are already disrupted at middle
age at a point in which we did not see much evidence for disruption of the PER2 rhythm suggests that circadian MUA output
from the SCN may be particularly sensitive to the impact of aging.
The weakening of the electrical output of the SCN provides a possible physiological explanation for changes in the phase relationships
between the central clock and peripheral organs that are associated
with aging in the circadian system (Yamazaki et al., 2002).
This degradation of circadian output at the level of the SCN is
likely to have profound consequences on the individual’s health
(Takahashi et al., 2008). It is becoming increasing clear that robust daily rhythms of sleep/wake are essential to good health. This
brings up the question as to the extent that circadian perturbations exacerbate the age-related alterations in the functions of
other physiological systems. In humans, a weakening of the circadian system can account for certain aspects of age-related sleep
changes, and treating the circadian system in the elderly offers a
potential target for ameliorating age-related changes in sleep and
daytime alertness (Bliwise, 1993; Cajochen et al., 2006). In the
United States, 40 –70% of the elderly population is estimated to experience chronic sleep disturbances (Van Someren, 2000). Prior
work on humans found evidence for age-related decline in sleep
consolidation and suggests a reduced strength of a circadian signal
promoting sleep in the early morning (Czeisler et al., 1999; Dijk et al.,
1999). The reduced amplitude of circadian output as measured by
electrical rhythm within the rodents SCN may provide the mechanistic underpinning of this reduced circadian signal and may be an
important model for understanding similar changes in humans.
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