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Aging produces a decline in the amplitude and precision of 24 h behavioral, endocrine, and metabolic rhythms, which are regulated in
mammals by a central circadian pacemaker within the suprachiasmatic nucleus (SCN) and local oscillators in peripheral tissues. Disrup-
tion of the circadian system, as experienced during transmeridian travel, can lead to adverse health consequences, particularly in the
elderly. To test the hypothesis that age-related changes in the response to simulated jet lag will reflect altered circadian function, we
examined re-entrainment of central and peripheral oscillators from young and old PER2::luciferase mice. As in previous studies, loco-
motor activity rhythms in older mice required more days to re-entrain following a shift than younger mice. At the tissue level, effects of
age on baseline entrainment were evident, with older mice displaying earlier phases for the majority of peripheral oscillators studied and
later phases for cells within most SCN subregions. Following a 6 h advance of the light:dark cycle, old mice displayed slower rates of
re-entrainment for peripheral tissues but a larger, more rapid SCN response compared to younger mice. Thus, aging alters the circadian
timing system in a manner that differentially affects the re-entrainment responses of central and peripheral circadian clocks. This pattern
of results suggests that a major consequence of aging is a decrease in pacemaker amplitude, which would slow re-entrainment of
peripheral oscillators and reduce SCN resistance to external perturbation.

Introduction
Circadian programming of behavior and physiology in mammals
is subserved by a hierarchical network of biological clocks (Mo-
hawk et al., 2012). The central circadian pacemaker, the supra-
chiasmatic nucleus (SCN), synchronizes (entrains) to the solar day
via a retinal projection and entrains peripheral tissues through both
neural and humoral cues. The molecular substrate for circadian tim-
ing is a system of interlocked transcriptional–translational feedback
loops involving a family of interacting clock genes (Takahashi et al.,
2008). Within the core loop, the transactivators bmal1 and clock
drive the transcription of the repressors period (per1, per2) and
cryptochrome (cry1, cry2), which feedback after translation to
suppress the activity of BMAL1:CLOCK. The precise regulation
of internal coordination at the molecular and systems levels is

important for circadian and physiological function (Takahashi et
al., 2008).

Transmeridian travel and shift work produce misalignment
between the circadian system and the external environment (Ar-
endt, 2009; Morris et al., 2012). Simulated jet lag also disrupts
circadian organization due to differential rates of re-entrainment
among different oscillatory tissues (Yamazaki et al., 2000, 2002;
Davidson et al., 2008) and among different SCN subregions (Na-
gano et al., 2003; Nakamura et al., 2005; Davidson et al., 2009;
Rohling et al., 2011). Altered temporal organization likely con-
tributes to the severe health consequences that manifest under
conditions of circadian disruption, including increased cancer
risk, metabolic disorder, cognitive deficits, reduced fertility, and
deregulated immune responses (Conlon et al., 2007; Scheer et al.,
2009; Castanon-Cervantes et al., 2010; Mahoney, 2010; Karat-
soreos et al., 2011). Notably, chronic circadian disruption also
markedly increases mortality in old mice (Davidson et al., 2006).

The adverse effects of jet lag on older populations may reflect
widespread age-related changes in circadian function. In both
humans and animal models, senescence of the circadian system is
characterized by imprecise and fragmented overt rhythms, de-
creased photic resetting, longer latency to re-entrain under sim-
ulated jet lag protocols, and altered function of SCN and
peripheral oscillators (Li and Satinoff, 1995; Turek et al., 1995;
Valentinuzzi et al., 1997; Duncan et al., 2001; Yamazaki et al.,
2002; Monk, 2005; Nakamura et al., 2011; Farajnia et al., 2012).
Despite evidence for adverse responses to circadian disruption in
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old animals (Davidson et al., 2006), little is known about how
aging affects re-entrainment of circadian oscillators. Using bio-
luminescence reporters of per1 expression, we have shown that
old rats display tissue-specific changes in the response to simu-
lated jet lag (Davidson et al., 2008). While noteworthy, these data
were limited to a relatively small window of time following the
shift, and the use of tissue-level recordings precluded investiga-
tion into how aging affects SCN spatiotemporal organization
during re-entrainment.

To investigate the potential basis of age-dependent health
consequences of simulated jet lag, here we test the hypothesis that
aging alters re-entrainment of circadian oscillators. We exposed
young (3– 6 month) and old (22–28 month) PER2::luciferase
(PER2::LUC) knock-in mice to a simulated jet lag protocol (6 h
advance of the light:dark (LD) cycle) to assess re-entrainment
responses of the SCN and four peripheral oscillators. Tissue-
dependent effects of age on the PER2::LUC peak time of SCN and
peripheral tissues were observed during baseline and re-
entrainment. A detailed analysis of SCN re-entrainment using
novel mapping methods (Evans et al., 2011) reveals that SCN
organization during re-entrainment is adversely affected by ag-
ing. Overall, our data demonstrate that aging is associated with
altered re-entrainment of the SCN and peripheral tissues, which
likely reflect both reduced amplitude and functional output of
the circadian pacemaker.

Materials and Methods
Mice
Homozygous PER2::LUC knock-in mice (Yoo et al., 2004), generated
on a C57BL/6 background, were bred and raised under a 24 h LD cycle
with 12 h of light and 12 h of darkness (LD12:12, lights-on: 0600 EST).
After weaning, animals were group-housed in cages without running
wheels. Throughout life, ambient temperature was maintained at
22 � 2°C, and animals had ad libitum access to water and food (Purina
Rodent Chow #5001). All procedures were conducted according to
the NIH Guide for the Care and Use of Animals and were approved by
the Institutional Animals Care and Use Committee at both the Uni-
versity of Virginia (Charlottesville, VA) and the Morehouse School of
Medicine (Atlanta, GA).

Simulated jet lag protocol
Male PER2::LUC mice (Young: 3– 6 months; Old: 22–28 months) were
transferred to individual cages housed within light- and temperature-
controlled secondary enclosures and maintained under the colony LD
cycle for at least 14 days. A single unidirectional shift was accomplished
by advancing the time of lights-on by 6 h (Fig. 1 A). Mice were sacrificed
for tissue collection on the day before the shift (Day0, baseline day) and
Day1, Day3, Day5, Day8, or Day14 after the shift. A subset of young and
old mice not used for tissue collection was housed in wheel-running
cages and exposed to the 6 h phase advance to assess age-related differ-
ences in the rate of behavioral re-entrainment (Fig. 1 A). Additional mice
from each age group were exposed to 8 consecutive weekly 6 h phase
advances of the LD cycle before being sacrificed on Day0, Day1, or Day5
of the final (eighth) advance.

Tissue culture
Mice were sacrificed with CO2 asphyxiation/cervical dislocation 1– 4 h
before lights-off (Zeitgeber time (ZT) 8 –11, where ZT12 � lights-off), as
in (Davidson et al., 2009). Brains were removed, bathed in chilled Hank’s
solution, and sectioned in the coronal plane with a motorized vibratome
at a thickness of 150 �m. One slice was selected from the rostrocaudal
center of the SCN and trimmed near the edges of the nucleus by hand
with a scalpel. Peripheral tissues (lung, thymus, spleen, and esophagus)
were excised, placed in chilled Hank’s solution, and trimmed by hand
with a scalpel. These specific peripheral tissues were selected because they
represent a cross-section of multiple physiological systems, and their

phase is not reset by culture preparation (Davidson et al., 2009). All
tissues were cultured on a membrane with 1.2 ml of air-buffered medium
containing 0.1 mM beetle luciferin. Bioluminescence rhythms from pe-
ripheral tissues were measured with a luminometer (Lumicycle; Actime-
trics) housed inside a light-tight 36.5°C environmental chamber. SCN
slices were imaged using a Stanford Photonics MEGA-10Z cooled inten-
sified CCD camera at 15 frames/s, filtered in real time to eliminate single-
image noise events (i.e., cosmic rays), and stored as consecutive 60 s
summed images. A 2 h moving average was applied (Piper Software),
images were converted to 8 bit, summed to produce a series of 30 min
images, and pixel dimensions were halved (ImageJ Software).

Data analysis
Behavioral analyses
Wheel running rhythms were monitored and analyzed with the Clock-
Lab data collection and analysis system (Actimetrics). Starting the day
after transfer to wheel-running cages, the clock times of activity onset and
offset were determined, from which daily activity duration and midpoint
were calculated. Activity onset was identified as the first bin above a
threshold of 5 counts preceded by at least 2 h of inactivity and followed by
at least 1 h of activity likewise above threshold. Activity offset was deter-
mined by a similar but opposite rule. Phase angle of entrainment was
calculated as the difference between the time of lights-off and the time of
activity onset. After the 6 h advance of the LD cycle, the number of days
to re-entrain was defined for each animal as the number of days required
to shift activity midpoint by 6 � 0.25 h.

Luminometry analyses
Bioluminescence recordings were corrected for ZT start time, detrended
by subtracting the 24 h running average from the raw data, and then
smoothed with a 2 h running average (Fig. 2 A) as in Davidson et al.
(2008). Peak time of PER2::LUC expression was defined as the first peak
in the smoothed data after 24 h in vitro. To evaluate re-entrainment
kinetics, peak time of each tissue was plotted relative to the baseline peak
time displayed on Day0 (set to 0).

Bioluminescence imaging analyses
PER2::LUC expression was mapped and analyzed using a variety of
Matlab-based scripts, as described by Evans et al. (2011).

Whole SCN analyses. A time series was generated for a hand-drawn
region encompassing the entire SCN (referred to as the “field rhythm”;
ImageJ Software), corrected for ZT start time, and analyzed as described
above (see Luminometry analyses).

Individual SCN phase maps. A time series was generated for each 12-
pixel diameter region spanning the entire image (2-pixel spacing) and
each time series was retained if the autocorrelation coefficient with 24 h
lag was significant at � � 0.05, a local maximum occurred between 18
and 30 h, and the signal-to-noise ratio was � 1. Peak time was deter-
mined from the detrended time series on the first cycle in vitro and
expressed relative to projected ZT12 in vitro.

Average SCN phase maps. A representative slice was selected to which
all other slices were aligned for processing. Given the high midline sym-
metry in PER2::LUC expression patterns (Evans et al., 2011), the right
lobe was mirrored and both lobes from each sample were superimposed.

SCN cellular analyses. To locate and extract data from cell-like regions
of interest (ROIs), an iterative process was employed after background
and local noise subtraction (Evans et al., 2011). Based on SCN phase
mapping results (see Fig. 2), cell-like ROIs within four discrete spatial
subregions corresponding to the dorsal, lateral, medial, and ventral por-
tions of the SCN (abbreviated as dSCN, lSCN, mSCN, and vSCN, respec-
tively) were selected for cellular analyses of PER2::LUC peak time,
period, amplitude, and brightness (Evans et al., 2011).

Statistical analyses
Statistical analyses were performed with JMP software (SAS Institute).
Student’s t test was used to assess age-related differences in behavioral
entrainment and rate of re-entrainment. To assess differences in baseline
entrainment of PER2::LUC rhythms, we used full factorial ANOVA
(main factors: age and tissue type or SCN subregion), followed by full
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factorial ANOVA subdivided by tissue/subregion and post hoc compari-
sons using least square means (LSM) contrasts or Tukey’s honestly sig-
nificant difference (HSD). To assess differences in re-entrainment of
PER2::LUC rhythms, we used full factorial ANOVA (main factors: age,
day, and tissue type, or SCN subregion), followed by full factorial
ANOVA subdivided by tissue/subregion (main factors: age, day) and post
hoc comparisons using LSM contrasts. For cellular analyses, a more con-
servative � level was adopted (� � 0.005) to avoid spurious results due to
the large number of cells extracted (average number across regions and
groups: 107 cell-like ROIs, with a SD of 33 cell-like ROIs). Data are
represented in figures and text as mean � SEM.

Results
Locomotor activity rhythms
Young and old mice did not differ in phase angle of entrainment
(Fig. 1; t test, t(14) � 0.02, p � 0.99) or activity duration (Fig. 1;
t(14) � 0.35, p � 0.73), although older mice displayed more vari-
ability in the time of activity onset (Fig. 1; t(14) � 2.85, p � 0.013).
Consistent with previous results (Valentinuzzi et al., 1997), old
mice showed significantly slower re-entrainment following a 6 h
advance than their younger counterparts (Fig. 1; t(14) � 3.12, p �
0.008).

Baseline entrainment
Peripheral tissues and SCN field rhythms
Peak times of PER2::LUC during baseline varied as a function of
age (F(1,81) � 13.4, p � 0.0005) and tissue type (F(4,81) � 4.4, p �
0.005), but there was not a significant interaction between these
variables (F(4,81) � 1.96, p � 0.11). Relative to young mice, old
mice displayed a significantly earlier peak time for lung and thy-
mus (Fig. 2A,B; LSM contrasts, p � 0.01), with a trend for an
earlier peak time for the esophagus (Fig. 2A,B; LSM contrasts,
p � 0.03). The baseline phase of entrainment for the SCN field
rhythm and spleen did not differ by age (Fig. 2A,B; LSM con-
trasts, p � 0.5).

Cell-like ROIs within SCN subregions
Peak times of PER2::LUC displayed by SCN cell-like ROIs during
baseline were affected by age (F(1,810) � 47.5, p � 0.0001) and
SCN subregion (F(3,810) � 146.3, p � 0.0001), with a trend for an
interaction between these two factors (F(3,810) � 4.2, p � 0.006).
For both young and old mice, PER2::LUC expression patterns
within the SCN were similar to previous results (Evans et al.,
2011), with cell-like ROIs within dSCN and vSCN subregions
phase leading those within lSCN and mSCN subregions (Fig.
2C–E). Relative to young mice, old mice displayed later peak
times of cell-like ROIs within the vSCN, lSCN, and mSCN sub-
regions (Fig. 2D,E; LSM contrasts, p � 0.005), but not the dSCN
subregion (Fig. 2D,E; LSM contrasts, p � 0.3). Cellular parame-
ters of period, amplitude, and brightness also varied between
SCN subregions and age groups (Fig. 2D; Table 1). For each age
group, PER2::LUC rhythm amplitude and peak expression were
both greater for cell-like ROIs within the mSCN subregion (Table
1; Tukey’s HSD, p � 0.005), and cell-like ROIs within the vSCN
subregion displayed shorter period lengths (Table 1; Tukey’s
HSD, p � 0.005) compared to the other SCN subregions. For
each of the four SCN subregions examined, younger mice dis-
played lower amplitude PER2::LUC rhythms with longer period
and lower peak PER2::LUC levels relative to their older counter-
parts (Table 1; LSM contrasts, p � 0.005).

Re-entrainment of PER2::LUC Rhythms
Peripheral tissues and SCN field rhythms
Aging significantly altered re-entrainment to a 6 h advance of the
LD cycle in a tissue-specific manner (Fig. 3). Re-entrainment
response was significantly influenced by shift day (F(4,378) � 58.3,
p � 0.0001), age (F(1,378) � 58.5, p � 0.0001), and tissue type
(F(4,378) � 16.1, p � 0.0001), with a significant interaction be-
tween these variables (F(16,378) � 1.7, p � 0.05). Among the tis-
sues examined, only the re-entrainment response of the spleen

Figure 1. Effects of aging on locomotor activity rhythms under baseline conditions and during simulated jet lag. A, Representative double-plotted actograms illustrating wheel-running activity
of a young and old mouse that re-entrained in 4 and 8 days, respectively. White and black bars above and below each actogram depict lighting conditions in place before and after the 6 h advance,
respectively. Gray shading in each actogram indicates the presence of darkness. B, Measures of baseline activity rhythms and rate of re-entrainment in young (n � 9) and old (n � 7) mice. Old mice
displayed more variability in the time of activity onset and a longer latency to re-entrain following the 6 h LD cycle advance, but they did not differ in phase angle of entrainment or activity duration.
Student’s t test, *p � 0.05.
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was not affected by age (Fig. 3; F(1,92) �
1.3, p � 0.25). In older mice, the esopha-
gus and thymus took substantially longer
to re-entrain relative to tissues extracted
from young mice (Fig. 3; esophagus:
F(1,80) � 45.2, p � 0.0001; thymus: F(1,88)

� 17.3, p � 0.0001). Likewise, the lung of
older mice displayed smaller phase ad-
vances relative to the lung of young mice,
with the latter re-entraining quickly but
with altered phase (Fig. 3; F(1,96) � 90.1,
p � 0.0001).

Re-entrainment of the SCN field
rhythm was also affected by age, but in a
manner distinct from that of peripheral
tissues (Fig. 3; F(1,22) � 5.3, p � 0.05).
SCN of older mice displayed a large phase
advance on Day3 after the 6 h advance of
the LD cycle and overshot the target phase
on Day5 before stably aligning into a more
typical phase of re-entrainment by Day8
(Fig. 3). In contrast, the SCN of younger
animals displayed a more linear pattern of
re-entrainment, but also appeared to dis-
play a slight overshoot of the target phase
on Day14 (Fig. 3).

Cell-like ROIs within SCN subregions
Dynamic changes in SCN spatiotemporal
organization were observed in slices from
both young and old mice (Fig. 4), with age-
related differences evident. Re-entrainment
of cell-like ROIs within SCN subregions was
affected by shift day (F(4,2909) � 623.1, p �
0.0001), age (F(1,2909) � 217.6, p � 0.0001),
and SCN subregion (F(3,2909) � 83.2, p �
0.0001), with a significant interaction be-
tween these variables (F(12,2909) � 8.5, p �
0.0001). SCN spatiotemporal organization

Figure 2. Effects of age on PER2::LUC rhythms of central and peripheral oscillators under baseline conditions (Day0). A, Repre-
sentative time series of PER2::LUC rhythms displayed by SCN and peripheral oscillators from young and old mice.

4

Time series are detrended and corrected for ZT start time, with
the start of each recording corresponding to ZT12 on the day of
culture. B, Peak time of PER2::LUC rhythms for esophagus
(ESO), lung (LNG), spleen (SPLN), thymus (THY), and the SCN
field rhythm in young and old mice during baseline. Dashed
lines connect comparable structures in young and old mice to
highlight the effects of age. Relative to young mice, old mice
displayed a significantly earlier peak time for lung and thymus
and a trend for an earlier peak time for the esophagus. The
baseline phase of entrainment of the SCN field rhythm and
spleen did not differ by age. C, Average phase maps illustrate
the spatial location of each SCN subregion analyzed: dorsal
SCN (d, dSCN), lateral SCN (l, lSCN), medial SCN (m, mSCN), and
ventral SCN (v, vSCN). D, Representative time series of
PER2::LUC rhythms displayed by SCN neurons from young and
old mice, plotted as in A. E, Peak time of PER2::LUC rhythms
displayed by cell-like ROIs within SCN subregions from young
and old mice during baseline, plotted as in B. Number of cul-
tures per group: ESO-Young � 12, ESO-Old � 8; LNG-
Young � 13, LNG-Old � 8; SCN-Young � 4, SCN-Old � 4;
SPLN-Young � 12, SPLN-Old � 8; THY-Young � 14, THY-
Old � 8. Results of post hoc LSM Contrasts are illustrated ad-
jacent to each symbol within the legend: ***p � 0.0005,
**p � 0.001, p � 0.01, # p � 0.05.
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at baseline is characterized by the dSCN and vSCN subregions phase
leading the lSCN and mSCN subregions. On the first day after the 6 h
LD cycle advance, the young SCN showed a similar phase distribu-
tion as that under the former LD cycle, with the exception that cell-
like ROIs within the vSCN subregion displayed a phase advance of
�3–4 h (Fig. 4A,B). On subsequent days, we observed differential
re-entrainment of two spatially distinct regions that produced a large
regional phase difference on Day5 (Fig. 4A,B). On Day8, SCN re-
gional relationships and phase angle appear to normalize and be
maintained thereafter (Fig. 4A,B). Similar overall organizational
changes were observed for SCN slices from old mice, but we ob-
served clear age-dependent differences in these patterns (Fig. 4A,B).
In the old SCN, the large regional phase difference was observed
earlier (Day3) than their younger cohorts (Day 5). On Day5, the
phase relationships among SCN regions appeared to be normal for
old mice; however, the phase advance exhibited by all four SCN
regions exceeded 6 h (Fig. 4A,B). SCN slices from old mice were
stably realigned by Day8, like SCN slices from young mice. For cell-
like ROIs within each SCN subregion, PER2::LUC peak times were
altered by age, with older mice showing larger initial shifts and dif-
ferences in final phase of specific subregions (Fig. 4B; LSM contrasts,
p � 0.005).

SCN from old mice also displayed greater phase dispersion
among cell-like ROIs on days following the shift (Fig. 4C). The
standard deviation of PER2::LUC peak times among cell-like
ROIs was affected by shift day (F(5,337) � 16.7, p � 0.0001), age
(F(1,337) � 6.2, p � 0.05), and SCN subregion (F(3,337) � 19.4, p �
0.0001), with a significant interaction between these variables
(F(20,337) � 2.2, p � 0.005). Cell-like ROIs from old mice dis-
played greater phase dispersion across all SCN subregions (Fig.
4C; LSM contrast, p � 0.01) and within the lSCN, mSCN, and
vSCN subregions on specific postshift days (Fig. 4C; LSM con-
trasts, p � 0.01). Phase dispersion in the dSCN was not signifi-
cantly affected by age (Fig. 4C), although old mice displayed a
larger increase in phase dispersion 3–5 days after the shift.

Re-entrainment responses following repeated advances of the
LD cycle
Repeated 6 h LD cycle advances (i.e., chronic simulated jet lag)
produced tissue-specific effects on the re-entrainment responses
of peripheral tissues, with re-entrainment responses being af-
fected by shift day (F(1,328) � 285.6, p � 0.0001), age (F(1,328) �
40.7, p � 0.0001), and tissue type (F(3,328) � 10.2, p � 0.0001),
with an interaction between tissue type and shift number
(F(1,378) � 58.5, p � 0.0001). When subdivided by age and tissue
type, a main effect of repeated shifts was observed for the thymus
of older mice (F(1,30) � 5.2, p � 0.05) and the lung of young mice
(F(1,41) � 58.5, p � 0.05), with a trend for an effect in the esoph-
agus of older mice (F(1,28) � 4.1, p � 0.054). For the esophagus of
older mice, antidromic resetting (initial phase delay following the
advance of the LD cycle), which was present on Day1 after the
first shift, was no longer observed on Day1 of the eighth shift

(Fig. 5; LSM contrast, p � 0.02). Antidromic resetting emerged
for the thymus of old mice on Day1 of the eighth LD cycle ad-
vance, which was not evident for the first LD cycle advance (Fig.
5; LSM contrast, p � 0.01). In young mice, the large overshoot of
the lung, which was present on Day5 of the first LD cycle advance,
was mitigated during the eighth LD cycle advance (Fig. 5; LSM
contrast, p � 0.02).

Aging differentially affects rate of re-entrainment for central
and peripheral oscillators
To assess age-related changes in the rate of re-entrainment, we
calculated the magnitude of the shift per cycle for the first 5
days after the 6 h LD cycle advance (Fig. 6). For re-
entrainment after the first shift of the LD cycle, younger mice
displayed faster re-entrainment than their older counterparts
for the esophagus (Fig. 6 A; t(25) � �4.8, p � 0.0001), the lung
(Fig. 6 A; t(27) � �11.7, p � 0.0001), and the thymus (Fig. 6 A;
t(26) � �5.3, p � 0.0001), but not the spleen (Fig. 6 A; t(28) �
�1.3, p � 0.19). Similar results were obtained for rate of
re-entrainment of peripheral tissues collected after the eighth
shift of the LD cycle (Fig. 6 B; esophagus: t(7) � �3.2, p � 0.05;
lung: t(6) � �3.2, p � 0.05; spleen: t(5) � 0.2, p � 0.86; thymus:
t(6) � �2.5, p � 0.05). In contrast, older mice displayed faster
SCN re-entrainment compared to young mice (Fig. 6C; field:
t(8) � 3.0, p � 0.05; all: t(724) � 26.8, p � 0.0001; dSCN: t(156) �
14.0, p � 0.0001; lSCN: t(176) � 14.5, p � 0.0001; mSCN:
t(210) � 19.4, p � 0.0001; vSCN: t(176) � 8.9, p � 0.0001).

Discussion
We have shown that aging alters re-entrainment at multiple levels
of circadian organization. Consistent with previous work (Val-
entinuzzi et al., 1997), locomotor activity rhythms displayed by
old mice required a greater number of days to re-entrain than
that required by their younger counterparts. Likewise, peripheral
oscillators from older PER2::LUC mice displayed tissue-specific
slowing of re-entrainment responses, as in rats (Davidson et al.,
2008). While the sluggish responses of peripheral tissues from old
mice mirrored the slow re-entrainment at the behavioral level,
the old SCN displayed larger, more rapid shifts of PER2::LUC
rhythms relative to the young SCN. Concomitantly, phase dis-
persion among SCN neurons from old mice was increased during
re-entrainment, and the old SCN displayed a large “overshoot” of
the target phase before stable re-entrainment was achieved. As
discussed in detail below, our results suggest that a major conse-
quence of aging is a decrease in pacemaker amplitude that slows
peripheral re-entrainment and decreases SCN resistance to exter-
nal perturbation. This proposed decrease in pacemaker ampli-
tude is not reflected in PER2::LUC amplitude, but instead is likely
related to age-related declines in electrophysiological rhythms
and neuropeptide production (Roozendaal et al., 1987; Duncan
et al., 2001; Kalló et al., 2004; Nakamura et al., 2011; Farajnia et
al., 2012).

Table 1. Rhythmic parameters of cell-like ROIs for each age group under baseline (Day 0) conditions

Peak time Period Amplitude Brightness

Young Old Young Old Young Old Young Old

dSCN 13.1 � 0.1b 13.2 � 0.1c 25.29 � 0.12a,b 23.98 � 0.05*a 33 � 3a 60 � 3*a,b 52 � 5a,b 118 � 5*b

lSCN 14.2 � 0.1a 14.9 � 0.1*a 25.48 � 0.17a 24.04 � 0.08*a 21 � 2b 57 � 3*a,b 44 � 4b 121 � 4*b

mSCN 13.8 � 0.1a 14.2 � 0.1*b 25.01 � 0.06b 23.93 � 0.07*a 34 � 2a 66 � 3*a 66 � 4a 143 � 4*a

vSCN 12.7 � 0.1b 13.1 � 0.1*c 24.87 � 0.13b 23.72 � 0.04*b 19 � 1b 52 � 2*b 41 � 3b 117 � 4*b

*Different from identical region in young group, LSM contrast, p � 0.005.
a,b,cDifferent letters represent differences between regions within each age group, Tukey’s HSD, p � 0.005.
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SCN spatiotemporal organization during re-entrainment
To date, this is the most comprehensive imaging study of SCN
re-entrainment kinetics, and our novel mapping approach re-
veals the precise spatial location and temporal dynamics of the
differentially shifted SCN subregions indicated by previous
work (Nagano et al., 2003; Nakamura et al., 2005; Davidson et
al., 2009; Rohling et al., 2011). We find that the ventral SCN is
the first to advance, and other regions follow suit over subse-
quent days. SCN spatiotemporal organization during re-
entrainment is reminiscent of the two functionally distinct

compartments oftentimes referred to as the “shell” and “core”
(Antle and Silver, 2005; Morin, 2007), despite the apparent lack
of this spatiotemporal organization during baseline entrainment.
Regional differences in re-entrainment likely reflect the dense
retinal innervation of the ventral SCN (Antle and Silver, 2005;
Han et al., 2012). While our experiments focused on a LD ad-
vance, regional phase differences also manifest in the delay direc-
tion (Nagano et al., 2003; Nakamura et al., 2005; Rohling et al.,
2011). Because LD advances cause more severe health conse-
quences than LD delays of equal magnitude, future experiments
could assess whether there is direction-specific variability in the
spatiotemporal pattern of SCN re-entrainment.

Age-dependent changes in circadian organization
and re-entrainment
This is the first study to investigate age-related changes in SCN
spatiotemporal organization. Consistent with Yamazaki et al.
(2002), SCN field rhythms were similarly phased in young and
old PER2::LUC mice. However, SCN region-specific effects of
age were evident during baseline entrainment, with most re-
gions in the old SCN displaying later peak times. Because
several peripheral tissues are phase advanced in old mice, this
suggests that aging alters circadian organization in multiple
ways. SCN cells also displayed larger amplitude and increased
PER2::LUC expression in older mice. Previous reports have
found similar robust rhythms of per gene expression in the SCN
of young and old animals (Yamazaki et al., 2002; Davidson et al.,
2008; Nakamura et al., 2011), although age-related changes in
other clock genes have been reported (Kolker et al., 2003; Wyse
and Coogan, 2010). Aging does not appear to reduce the overall
number of SCN neurons (Madeira et al., 1995; Roberts et al.,
2012), but it alters specific SCN subpopulations and network
properties (Roozendaal et al., 1987; Van der Zee et al., 1999;
Duncan et al., 2001; Kalló et al., 2004; Palomba et al., 2008).
Functional and organizational changes under steady-state en-
trainment conditions may have adverse consequences for physi-
ological processes regulated by the circadian system and could
contribute to functional deterioration associated with aging
(Kondratova and Kondratov, 2012).

Re-entrainment of the old SCN was more erratic than the
relatively linear pattern displayed by the young SCN (see also
Davidson et al., 2009). In old mice, we observed an increased
degree of desynchrony on the third day after the shift, with a
substantial phase advance of the vSCN. This pattern was not
observed in young mice until 5 days postshift. Thus, the SCN
from older mice shifted more rapidly and with increased desyn-
chrony. This contrasts with our previous study using the per1-luc
rat (Davidson et al., 2008), which found an age-related slowing of
SCN re-entrainment. These conflicting results may be explained
by species differences, nature of the reporter strain, or differences
in clock gene function (Yan and Silver, 2004).

For peripheral tissues, our results, in part, parallel those ob-
tained with old per1-luc rats (Davidson et al., 2008). In both
studies, age altered peripheral re-entrainment in a tissue-specific
manner. In rats, the old liver displayed slower re-entrainment
relative to the young liver, whereas the old arcuate nucleus and
pineal gland were characterized by more rapid shifts. Differential
effects of aging on the re-entrainment of extra-SCN neural versus
peripheral tissues may reflect differences in the monosynaptic
versus polysynaptic nature of SCN input (Moore, 1996; Gerhold
et al., 2001; Egli et al., 2004). Furthermore, differences among
peripheral tissues may reflect tissue-specific control by different
temporal cues (Vujovic et al., 2008; Dibner et al., 2010) and/or

Figure 3. Re-entrainment of PER2::LUC rhythms for the SCN field rhythm, esophagus (ESO),
lung (LNG), spleen (SPLN), and thymus (THY) from young mice (black symbols) and old mice
(gray symbols). For each age group, peak time of each tissue is normalized to that displayed on
Day0 (set to 0). Dashed vertical line illustrates target phase after the 6 h LD cycle advance.
Number of cultures per group: ESO-Young � 12 (Day0), 16 (Day1), 6 (Day3), 16 (Day5), 8
(Day8), 7 (Day14); ESO-Old � 8, 10, 6, 11, 6, 4; LNG-Young � 13, 18, 6, 17, 9, 12; LNG-Old �
8, 10, 7, 12, 7, 8; SCN-Young � 4, 2, 2, 4, 3, 3; SCN-Old � 4, 4, 3, 4, 3, 4; SPLN-Young � 12, 16,
6, 17, 9, 12; SPLN-Old � 8, 10, 6, 3, 6, 7; THY-Young � 14, 16, 5, 16, 9, 10; THY-Old � 8, 10, 6,
12, 7, 7. LSM contrasts, *p � 0.01.

16198 • J. Neurosci., November 14, 2012 • 32(46):16193–16202 Sellix, Evans et al. • Aging Alters Re-entrainment



different SCN subregions (Gerhold et al., 2001; Kalsbeek et al.,
2006).

Putative mechanisms of age-related differences in
re-entrainment response
Most of the peripheral tissues investigated here entrained more
slowly in old mice, which may be due to an age-related decline in
the strength of SCN outputs. In particular, aging decreases the
amplitude of SCN rhythms in electrical firing and neuropeptide
production (Roozendaal et al., 1987; Kalló et al., 2004; Nakamura
et al., 2011), which likely contributes to lower amplitude rhythms
in downstream tissues and at the overt level (Wise et al., 1994; Li
and Satinoff, 1995; Turek et al., 1995; Yamazaki et al., 2002; Na-
kamura et al., 2011). An age-dependent decrease in SCN outputs
may be sufficient to account for slower re-entrainment in periph-
eral tissues, but aging could also diminish the responsiveness of
peripheral oscillators to SCN cues.

Older mice displayed slower re-entrainment of behavior
and peripheral oscillators, but faster SCN re-entrainment of
PER2::LUC rhythms relative to younger cohorts. This may
seem counterintuitive, especially given work indicating that

age diminishes SCN responses to light (Kolker et al., 2003;
Lupi et al., 2012). However, reduced pacemaker amplitude can
likewise account for the accelerated response of the old SCN,
since weak or damped oscillators respond more robustly to an
external perturbation (Pulivarthy et al., 2007; Abraham et al.,
2010). One caveat is that culture preparation can affect the phase
of some cultured tissues in the per1-luc rat (Yoshikawa et al.,
2005). The SCN of young PER2::LUC mice is not reset by culture
(Davidson et al., 2009), although the age-related decline in pace-
maker amplitude could sensitize the SCN. However, this expla-
nation of the current findings is unlikely, since the days on which
the SCN of old mice displayed the largest phase shifts were not
those with the largest discrepancy between dissection time and
peak PER2::LUC. In either case, our results suggest that aging
decreases pacemaker amplitude, the mechanistic basis of which
may involve changes at the electrophysiological level (Biello,
2009; Farajnia et al., 2012; Nakamura et al., 2011) and/or disso-
ciation between molecular and membrane events (Vansteensel et
al., 2003; Nakamura et al., 2011). Alternatively, the current find-
ings may relate to network-level changes that alter synchrony
among SCN neurons, since pacemaker amplitude does not al-

Figure 4. Re-entrainment of the SCN from young mice (black symbols) and old mice (gray symbols). A, Average phase maps illustrating age-related changes in SCN spatiotemporal organization
during re-entrainment. B, Re-entrainment PER2::LUC rhythms of cell-like ROIs pooled across all subregions (“All”) and within each individual subregion. For each age group, peak time is normalized
to that displayed on Day0 (set to 0). C, Standard deviation of PER2::LUC peak time during re-entrainment for cell-like ROIs pooled across all subregions (“All”) and within each individual subregion.
LSM contrasts, *p � 0.005. #p � 0.012.
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ways account for phase-shifting responses, and intercellular syn-
chronization at the electrophysiological level can influence
resetting responses (vanderLeest et al., 2009).

Paradoxically, young mice displayed rapid re-entrainment of
behavior and peripheral tissues, but relatively slow SCN re-
entrainment. While it remains unclear how peripheral tissues
could respond faster than the SCN, this may relate to the fact that
the SCN and peripheral oscillators can respond differently to
resetting cues (Vujovic et al., 2008; Buhr et al., 2010; Sujino et al.,
2012). Acute changes in light and darkness can alter the overt
expression/levels of locomotor activity, body temperature, hor-
mone release, and feeding (Mrosovsky, 1999), which may facili-
tate re-entrainment of peripheral oscillators that are more
sensitive to these cues than the SCN. Because age decreases the
amplitude of overt rhythms, this influence is likely diminished in
old animals and does not facilitate re-entrainment.

We also examined the re-entrainment of peripheral tissues
following eight consecutive phase advances. There did not appear
to be an overall additive effect of multiple shifts in either age
group despite compelling evidence that chronic circadian disrup-
tion has adverse health consequences (Davidson et al., 2006;
Castanon-Cervantes et al., 2010). If anything, specific peripheral

tissues displayed an improvement in re-entrainment response,
which may support previous work indicating that the circadian
system displays adaptive plasticity during chronic jet lag (Yan,
2011). However, peripheral tissues from old mice displayed con-
sistently slower re-entrainment, which likely produces cumula-
tive effects with long-term health consequences.

Summary and Conclusions
Our results demonstrate that aging affects re-entrainment of cen-
tral and peripheral circadian oscillators in a tissue-dependent

Figure 5. Re-entrainment responses of peripheral tissues during the first (filled symbols)
and eighth (open symbols) 6 h LD cycle advance. Number of cultures per group: esophagus
(ESO)-Young � 12 (Shift1-Day0), 16 (Shift1-Day1), 16 (Shift1-Day5), 4 (Shift8-Day0), 7
(Shift8-Day1), 4 (Shift8-Day5); ESO-Old � 8, 10, 11, 5, 6, 5; lung (LNG)-Young � 13, 18, 17, 4,
6, 4; LNG-Old � 8, 10, 12, 6, 7, 5; spleen (SPLN)-Young � 12, 16, 17, 2, 4, 2; SPLN-Old � 8, 10,
13, 6, 6, 5; thymus (THY)-Young�14, 16, 16, 4, 6, 3; THY-Old�8, 10, 12, 6, 7, 5. LSM contrasts,
*p � 0.01.

Figure 6. Aging differentially affects rate of re-entrainment for central and peripheral oscil-
lators. To assess rate of re-entrainment, the normalized phase shift displayed on Day5 was
divided by the number of days after the 6 h LD cycle advance. A, Rate of re-entrainment for
peripheral tissues after the first shift of the LD cycle. B, Rate of re-entrainment for peripheral
tissues after the eighth shift of the LD cycle. C, Rate of re-entrainment for the SCN field rhythm,
cell-like ROIs pooled across all SCN subregions (“All”), and within each individual SCN subregion
after the first shift of the LD cycle. Student’s t test, ***p � 0.0001, **p � 0.005, *p � 0.05.
ESO, Esophagus; LNG, lung; SPLN, spleen; THY, thymus.
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manner. We propose that these age-related changes reflect a de-
cline in pacemaker amplitude that would have consequences for
SCN function and the systems under its control. Continued in-
vestigation of how age affects the circadian timing system can
provide insight into the circadian disorders frequently observed
in elderly populations (Mazza et al., 2004; Ancoli-Israel and Ay-
alon, 2006). Future experiments can also assess the effectiveness
of chronobiological treatments for promoting re-entrainment,
health, and longevity in the elderly (van Gool and Mirmiran,
1986; Lucassen et al., 1995; Gubin et al., 2006).

References
Abraham U, Granada AE, Westermark PO, Heine M, Kramer A, Herzel H

(2010) Coupling governs entrainment range of circadian clocks. Mol
Syst Biol 6:438.

Ancoli-Israel S, Ayalon L (2006) Diagnosis and treatment of sleep disorders
in older adults. Am J Geriatr Psychiatry 14:95–103.

Antle MC, Silver R (2005) Orchestrating time: arrangements of the brain
circadian clock. Trends Neurosci 28:145–151.

Arendt J (2009) Managing jet lag: some of the problems and possible new
solutions. Sleep Med Rev 13:249 –256.

Biello SM (2009) Circadian clock resetting in the mouse changes with age.
Age 31:293–303.

Buhr ED, Yoo SH, Takahashi JS (2010) Temperature as a universal resetting
cue for mammalian circadian oscillators. Science 330:379 –385.

Castanon-Cervantes O, Wu M, Ehlen JC, Paul K, Gamble KL, Johnson RL,
Besing RC, Menaker M, Gewirtz AT, Davidson AJ (2010) Dysregulation
of inflammatory responses by chronic circadian disruption. J Immunol
185:5796 –5805.

Conlon M, Lightfoot N, Kreiger N (2007) Rotating shift work and risk of
prostate cancer. Epidemiology 18:182–183.

Davidson AJ, Sellix MT, Daniel J, Yamazaki S, Menaker M, Block GD (2006)
Chronic jet-lag increases mortality in aged mice. Curr Biol 16:R914 –
R916.

Davidson AJ, Yamazaki S, Arble DM, Menaker M, Block GD (2008) Reset-
ting of central and peripheral circadian oscillators in aged rats. Neurobiol
Aging 29:471– 477.

Davidson AJ, Castanon-Cervantes O, Leise TL, Molyneux PC, Harrington
ME (2009) Visualizing jet lag in the mouse suprachiasmatic nucleus and
peripheral circadian timing system. Eur J Neurosci 29:171–180.

Dibner C, Schibler U, Albrecht U (2010) The mammalian circadian timing
system: organization and coordination of central and peripheral clocks.
Annu Rev Physiol 72:517–549.

Duncan MJ, Herron JM, Hill SA (2001) Aging selectively suppresses vaso-
active intestinal peptide messenger RNA expression in the suprachias-
matic nucleus of the Syrian hamster. Brain Res Mol Brain Res 87:196 –203.

Egli M, Bertram R, Sellix MT, Freeman ME (2004) Rhythmic secretion of
prolactin in rats: action of oxytocin coordinated by vasoactive intesti-
nal polypeptide of suprachiasmatic nucleus origin. Endocrinology
145:3386 –3394.

Evans JA, Leise TL, Castanon-Cervantes O, Davidson AJ (2011) Intrinsic
regulation of spatiotemporal organization within the suprachiasmatic
nucleus. PLoS One 6:e15869.

Farajnia S, Michel S, Deboer T, vanderLeest HT, Houben T, Rohling JH,
Ramkisoensing A, Yasenkov R, Meijer JH (2012) Evidence for neuronal
desynchrony in the aged suprachiasmatic nucleus clock. J Neurosci 32:
5891–5899.

Gerhold LM, Horvath TL, Freeman ME (2001) Vasoactive intestinal pep-
tide fibers innervate neuroendocrine dopaminergic neurons. Brain Res
919:48 –56.

Gubin DG, Gubin GD, Waterhouse J, Weinert D (2006) The circadian body
temperature rhythm in the elderly: effect of single daily melatonin dosing.
Chronobiol Int 23:639 – 658.

Han S, Yu FH, Schwartz MD, Linton JD, Bosma MM, Hurley JB, Catterall
WA, de la Iglesia HO (2012) NaV1.1 channels are critical for intercellular
communication in the suprachiasmatic nucleus and for normal circadian
rhythms. Proc Natl Acad Sci U S A 109:E368 –E377.
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