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Introduction

Worldwide, the human population is graying rapidly: between
2010 and 2050, the proportion of adults over 65 years of age will
double from 8% to 16% of the global population (1). Aging affects
all aspects of our physiology and behaviors, including the circa-
dian clock. Although the processes underlying aging are not well
understood, increasing evidence suggests that the circadian sys-
tem influences aging and longevity in important ways (2, 3).

Circadian rhythms play a vital role in health, and prolonged
disruptions to the clock are associated with negative health con-
sequences. With increasing age, the circadian system undergoes
significant changes that affect rhythms of behaviors, tempera-
ture regulation, and hormone release, to name only a few exam-
ples. Although many of these changes may be an inevitable part
of development, others may perhaps represent the operation of
pathological processes that simply correlate with age. Improved
understanding of the distinction between these concepts may cre-
ate valuable opportunities to intervene and improve quality of life.
This is particularly important in light of mounting evidence that
disrupted circadian rhythms are an early warning sign of develop-
ing neurodegenerative diseases, such as Alzheimer’s, Parkinson’s,
and Huntington’s (3-5), and that the circadian clock is heavily
implicated in the etiology of metabolic diseases, chronic inflam-
mation, and cancers (6-9).

In this Review, we survey some of the key age-associated
changes in circadian rhythms of behavior, physiology, and molec-
ular processes. We then consider some of the central hypotheses
of what underlies these changes, and summarize evidence for
putative mechanisms of action.

Cellular basis of circadian rhythms

Circadian rhythms provide an adaptive mechanism for organ-
isms to coordinate cellular processes, physiological functions, and
behaviors with the predictable 24-hour cycle of light and dark on
Earth (10). In mammals, the suprachiasmatic nucleus (SCN) is the
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master circadian clock. Inputs to the SCN from the retinohypotha-
lamic tract synchronize the endogenous clockwork to light cues
from the external environment (11). In turn, the SCN communi-
cates time-of-day information by synaptic and diffusible signals
to clocks in various brain regions and peripheral organs including
the heart, lungs, liver, and endocrine glands (12). Thus, the SCN
serves to synchronize the timing of rhythmic activities throughout
the body to the light/dark cycle (13).

At a cellular level, the circadian clock comprises a core group
of genes that regulate their own transcription and translation over
24 hours via a series of interacting negative-feedback loops (Fig-
ure 1, and reviewed in refs. 13, 14). In addition to regulating their
own levels of expression in a 24-hour cycle, “clock” genes serve as
transcription factors for a wide variety of other genes implicated in
a host of functions (15).

Age-associated changes in circadian rhythms
Observations of many species have revealed a variety of devel-
opmental changes in circadian rhythms of overt behaviors and
physiology (see Figure 2 for an illustration of changes in human
rhythms). In reviewing this literature, it is worthwhile to note some
aspects of research design that may influence the conclusions that
can be drawn. For example, the vast majority of research in this
area is cross-sectional; as such, differences in dependent variables
between older and younger individuals that are attributed to age
could potentially reflect cohort effects or other confounders. This
is a legitimate criticism; however, we believe it is mitigated by the
number of studies that have identified similar patterns of results
using different samples and age cohorts. We have included longi-
tudinal studies here wherever possible, and suggest that further
research in aging and circadian rhythms would benefit greatly
from longitudinal designs.

Other considerations pertain to the generalizability of find-
ings made in nocturnal species, such as mice or rats, to diurnal
species, such as humans. Although important differences exist in
the organization of nocturnal and diurnal circadian systems (16),
the high degree of conservation of circadian mechanisms across
species supports judicious use of nocturnal animals as a transla-
tional model for the human circadian clock (13). Going forward,
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increased use of diurnal species like the grass rat (Arvicanthis
ansorgei) in circadian research may enhance the generalizability
of findings from animal models to human health.

Activity/rest rhythms. Shifts in preference for morningness
versus eveningness, or chronotype, and in sleep cycles are
among the most consistently observed age-associated circadi-
an changes in many species. In humans, cross-sectional studies
comparing older and younger adults’ responses to chronotype
assessment tools (17) reliably show that adults in their 60s and
above are significantly more likely to endorse a tendency for
rising from and retiring to bed earlier than adults in their 20s
and 30s (18-20). Although there are few longitudinal studies
in humans to track individual changes in chronotype with age,
those available support the results of cross-sectional designs.
Broms and colleagues (21) tracked chronotype longitudinally in
567 adult men in Finland over 23 years (mean age of 56 years
at study entry), and found a shift in the distribution toward
a “mostly morning” type over years of study. Retrospective
self-comparison studies in older adult participants (>60 years)
also indicate a tendency to become a “morning person” with
increasing age (19). Taken together, this shift in chronotype
appears to be a reliable developmental pattern.

The preference for morningness in older adulthood is
expressed in other aspects of behavior, such as cognitive skill per-
formance. Performance on recognition memory and reaction time
tasks exhibits clear time-of-day changes in accuracy and speed
(22). Notably, the circadian profile of cognitive performance

Figure 2. Examples of circadian rhythms in older adults relative to
rhythms in younger adults. In the 24-hour cycle, documented changes
include rhythms of waking activity; core body temperature; SCN firing;
release of hormones, such as melatonin and cortisol; and fasting plasma
glucose levels. Relative to younger adults (blue lines), the amplitude of
many rhythms dampens in older adults (red lines). In some cases, the peak
of the rhythm also advances.
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Figure 1. The molecular circadian clock. Heterodimers of the transcrip-
tion factors BMALT and CLOCK upregulate the expression of many target
genes. Of these, the protein products of the Period (Per) and Cryptochrome
(Cry) genes provide a feedback mechanism to inhibit the transcriptional
activity of CLOCK-BMALZ1. The activity of PER-CRY dimers is regulated at a
posttranscriptional level via phosphorylation by kinases, including casein
kinase 1¢ (CK1). Other gene targets of CLOCK-BMALT1 include the nuclear
receptors retinoid-related orphan receptor o. (RORa) and REV-ERBa, which,
respectively, promote and inhibit the transcription of Bmall. In addition

to these core components of the genetic clock, CLOCK-BMALT1 regulates
the expression of a number of downstream targets that are referred to as
clock-controlled genes (CCGs) (13, 14) P, phosphorylation.

interacts with age, such that older adults who are tested on rec-
ognition memory tasks in the early morning perform as well as
younger adults, but significantly worse when tested later in the
afternoon (23, 24). This interaction has important implications for
the assessment of cognitive functioning in older adults: apparent
decrements in cognitive performance may be confounded by test-
ing times in the late afternoon when alertness is decreasing (25).
Impaired phase shifting. The capacity of the circadian clock to
accommodate a light/dark schedule change (e.g., rotating shift
work or jet lag) varies with age. Studies using a jet lag-type design,
in which the timing of light onset between one day and the next
is advanced (e.g., a flight from New York to Paris) or delayed by a
number of hours, have demonstrated a differential impact of the
new schedule on older individuals compared with younger. Fol-
lowing a phase advance, older adults (mean age of 81 years) exhib-
ited decreased sleep efficiency, self-reported alertness, and ampli-
tude of the core body temperature rhythm that persisted for longer
compared with younger adults (37-50 years) (26, 27). In contrast, a
phase delay is better tolerated, with minimal differences observed
between older and younger adults (27). Studies in rodents mirror
these observations, whereby aged mice (about 2.5 years) subjected
to repeated phase advances exhibit poorer glucose tolerance and
increased mortality rates compared with younger rodents (1 year)
or aged rodents subjected to phase delays (28). These age-asso-
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Figure 3. Schematic of possible mechanisms underlying age-related changes in circadian rhythms. Progressive yellowing and thickening of the lens may
reduce sensitivity to light, the strongest zeitgeber. Reduction of AVP and VIP expression and fewer GABAergic synapses may decrease signaling within the
SCN, leading to a decrease in the overall amplitude of its firing rhythm. A weaker SCN output signal may in turn reduce the strength of downstream oscil-
lators in central and peripheral tissues, including the cortex, pineal gland, liver, kidney, thyroid, and spleen. Providing other zeitgebers such as scheduled
meals (green arrows), which act on the circadian system via extra-SCN pathways, may help entrain an aging circadian system.

ciated differences may be attributable to the reduced responsive-
ness of the aged master circadian clock to light, as illustrated in
smaller-magnitude light pulse-induced expression of Per] mRNA
in the SCN of aged hamsters and mice (29-32). Given the preva-
lence of rotating shift work schedules in industrialized societies,
the implications of these findings for healthy aging are significant,
and have served as impetus for recent position papers classifying
exposure to “light at night” as hazardous to human health (33).

Sleep. Sleep timing and architecture undergo a number of
changes in late adulthood. Consistent with the transition to a
morning chronotype in older adult humans, the circadian phase of
sleep onset and wakening advances with age, whereby older adults
(mean age of 68 years) report preferred bedtimes 1 to 2 hours ear-
lier, on average, compared with younger adults (mean age of 23
years) (34, 35). Older adults experience significantly more wak-
enings, have longer latencies to fall asleep, and spend less time in
stage 3, stage 4, and rapid eye movement (REM) sleep compared
with younger adults (18, 36-38). Similar observations of sleep frag-
mentation have been made in aged rhesus monkeys (38), hamsters
(39), and Drosophila (40). Van Cauter and colleagues (41) estimate
that these age-associated disruptions in human sleep consoli-
dation lead to a loss of approximately 30 minutes of sleep every
10 years, beginning in the fourth decade of life. These changes
in amount and quality of sleep likely contribute to an increase in
daytime sleepiness experienced by many older adults, which may
negatively affect quality of life (42, 43) and exacerbate risks of
cognitive decline and falls (44, 45).

It is important to note that timing of sleep is driven not only by a
circadian clock, but also by a homeostatic system that interacts with
the circadian rhythm to produce a consolidated period of nightly
sleep in humans (46, 47). This interaction appears to be highly sen-
sitive to misalignments; as such, age-related changes in this homeo-
static mechanism may affect sleep timing, quantity, and quality (48).

Temperature rhythms. In young adult humans (mid-20s), core
body temperature rhythm normally peaks in the early evening and
reaches its nadir in the early morning (49). In older adults (late
60s), the period of this rhythm remains stable (50); however, the
amplitude of the rhythm decreases in older adult men by 20% to
40%, such that the nadir of core body temperature does not fall as
low as in younger adults (36, 51, 52) (note that this change has not
been observed consistently in older women; ref. 53). In addition to
a smaller amplitude, a 1- to 2-hour phase advance in this rhythm
has been observed in adults in their 60s to 80s, compared with
younger adults in their 20s and 30s (34, 51).

Melatonin and cortisol. The circadian profiles of the release
of several hormones undergo a number of age-related changes,
although supporting evidence is not entirely consistent (54). Of
the wide variety of hormones that are under circadian control,
melatonin and cortisol are of particular interest, as they have a
direct influence in regulating rhythms downstream of the mas-
ter circadian clock. For example, melatonin release regulates
core body temperature, promotes sleep onset, and modulates the
activity of intrinsically photosensitive retinal ganglion cells that
provide time-keeping signals to the SCN (55, 56). Total melatonin
secretion declines with age, beginning perhaps as early as the third
decade of life (57, 58). Evidence in humans, rhesus monkeys, and
hamsters suggests that the normal nighttime peak in older adults
is reduced and shifts to earlier in the evening compared with that
in younger adults (35, 38, 59, 60).

However, other evidence suggests that a “young” melatonin
rhythm is in fact preserved in very healthy older adults, and a reduc-
tion in peak melatonin may occur only in older individuals whose
total melatonin levels are at the lower end of the population distri-
bution (61, 62). For example, a 6-year longitudinal study found no
evidence of a decrease in total melatonin secretion in healthy older
adults (ages ranging from 55 to 74 years) (62). This discrepancy in
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findings may suggest that a reduction in the melatonin rhythmis not
a feature of a healthy aging process, and in fact may signal under-
lying pathology. To this end, Waller and colleagues (63) reported
a lower nightly melatonin peak in middle-aged men (mean age of
57 years) with cognitive impairment compared with age-matched
healthy controls. Furthermore, significant reductions in melatonin
synthesis and expression of melatonin receptors in the SCN have
been documented in individuals with neurodegenerative diseases
such as Alzheimer’s or Parkinson’s, or those with prodromal symp-
toms (64-66). The relation between melatonin and age-associated
neuropathologies has been explored in recent reviews (67, 68).

Like melatonin, rhythmic cortisol release is under control of
the SCN (69) and regulates downstream rhythmic expression of
clock genes in peripheral tissues in humans, rodents, and dogs
(70-74). Cortisol rhythms exhibit age-related changes including a
reduction in amplitude (due to higher cortisol secretion at night;
refs. 75, 76), and a phase advance in the peak of cortisol to earli-
er in the morning (77). Like disruption of the melatonin rhythm,
disruption of the cortisol rhythm in aged humans may indicate
progressive neurodegeneration (78-80), although not all evidence
supports this idea (63).

Metabolism and inflammation. In mammals, circadian clocks
within tissues like the liver and pancreas regulate rhythms of
metabolism such as glucose homeostasis, lipid metabolism, and
xenobiotic detoxification (reviewed in refs. 12, 14). Many met-
abolic rhythms exhibit progressive dampening with age (76, 81,
82). These changes are underscored by evidence of age-related
decreases in the amplitude of clock gene expression rhythms in
clocks outside of the master pacemaker (83, 84). Dampening of
these rhythms is suspected to contribute to the increased risk in
older adults of metabolic diseases such as diabetes, dyslipidemia,
and hypertension (12, 85).

Inflammatory processes, heavily implicated in cellular aging,
are also rhythmic. Plasma levels of hematopoietic cells and proin-
flammatory cytokines are among the components of the immune
system that fluctuate in accordance with an animal’s rest/activity
cycle (reviewed in ref. 86). Recent evidence indicates a direct role
for clock genes in regulating inflammation: for example, bone mar-
row-specific knockout of Bmall in mice leads to exaggerated inflam-
mation responses to infection or high-fat diet (87). In response to
progressive immunosenescence, chronic, low-grade activation of
proinflammatory processes develops within aging organisms, the
development of which may increase risk of chronic disease states,
such as metabolic syndrome and neurodegenerative diseases (88).
Taken together, these findings suggest that age-related changes
in circadian clockwork throughout the body may promote chronic
inflammation and pathologies including metabolic disorders.

Circadian clock gene expression. In humans and rodents, the
expression patterns of clock genes in a variety of tissues exhibit
change with age. For example, Chen and colleagues (89) recently
reported that in adults over 60 years of age the rhythms of expres-
sion of the PERIOD genes PERI and PER2 in human orbitofrontal
cortex are flattened and phase-advanced by approximately 4 to 6
hours, and the expression of CRYI became arrhythmic, in compar-
ison with adults under 40 years of age. In peripheral blood cells,
level of BMALLI expression was found to correlate negatively with
age in women (range 20-79 years) (90).
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Findings of age-associated changes in the master clock have
been inconsistent in nonhuman species. In Per2-luciferase report-
er mice (PER2::LUC mice) housed in constant dark, older (13-15
months) mice demonstrated a rhythm of PER2 protein in the
SCN that was of smaller amplitude and shorter period relative to
younger mice (3-5 months) (91). These PER2 data conflict with
other reports of no differences in SCN rhythms of expression of
Period genes Per] and Per2 between young and old animals (29, 84,
92). However, age-associated reductions were found in the overall
expression of Clock and Bmall transcripts in the hamster (17-20
months) and mouse (22 months) SCN (30, 93).

In contrast, a dampening of rhythmic clock gene activity
has been observed in peripheral oscillators in rodents and Dro-
sophila. In tissues such as the lungs, the rhythm of PerI expres-
sion seen in young rats (2 months) was absent in old animals
(24-26 months) (84). In Drosophila, the amplitude of clock
gene expression and protein rhythms in head and body tissues
decreased in aged flies (58 days old), despite the persistence
of a robust PER2 rhythm in brain clock neurons (83). These
declines in peripheral clocks may have important implications
for the susceptibility of aged animals to various disease states,
given evidence demonstrating links between loss of rhythmic
clock gene expression and the development of metabolic dis-
ease states and cancers (94, 95).

The interaction of circadian clock genes with the aging pro-
cess is complex, in that evidence supports a bidirectional relation
between them. Not only do clock gene expression patterns appear
to change as a function of age, but also these changes may drive
the rate of aging. For example, mutations of the clock gene Bmall
and the Period genes yield an accelerated aging phenotype in Dro-
sophila and mice, with faster rates of tissue decline, impairments
in cognitive function, and shorter lifespan relative to age-matched
wild-type controls (96-98). The causal role that altered clock gene
expression may play in the circadian changes typically observed in
aging will be explored further in the next section.

The aging clock: possible mechanisms

Changes in the SCN. Compelling support for a relation between
the master clock and aging comes from transplant experiments,
in which introduction of fetal SCN tissue into the brain of an old-
er animal restored dampened rhythms of locomotor activity (99),
temperature, drinking, and transcription of corticotropin-releas-
ing hormone in the brain (100, 101). Some aged animals receiving
fetal tissue grafts exhibit an increased lifespan (99), raising the
intriguing possibility that the master clock regulates not only daily
rhythms but also longevity.

Morphology and neuropeptide expression. There is mixed evidence
in both humans and rodents for age-related changes in the structure
of the SCN. Some cross-sectional studies indicated a decrease in
SCN volume in adults over 80 years of age compared with young-
er adults, and fewer total cells in the aged SCN (102, 103); however,
these findings may have been influenced by the type of cell mark-
er used. In rats, decreased SCN volume and cell number have been
reported in some studies (104), but not others (105).

A more consistent body of work indicates age-related chang-
es in the neurochemical makeup of the SCN in humans, primates,
and rodents. In particular, the expression of arginine vasopressin
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(AVP) and vasoactive intestinal polypeptide (VIP), each of which
follows a circadian rhythm and predominates in the shell and core
of the SCN, respectively, is reduced in elderly humans compared
with younger and middle-aged adults (refs. 14, 64, 106, 107, and
Figure 3). A similar reduction in AVP and VIP expression has been
observed in aged rodents (108, 109), whereas in mouse lemurs, a
nonhuman primate, the peak of rhythmic AVP and VIP expression
in the SCN is shifted, not suppressed, in aged animals compared
with younger adults (110).

Although the implications of a reduction in AVP and VIP
expression are unclear, there are a number of intriguing correla-
tions between neuropeptide expression and the stability of several
rhythms. In a sample of elderly humans (mean age of 90 years),
VIP expression in the SCN correlated positively with the amplitude
of the locomotor activity rhythm (based on actigraphy measures
taken within 18 months of death) (111). In aged rats, expression
of VIP in the SCN correlated negatively with the amount of time
spent in REM sleep (108). These observations provide an inter-
esting parallel to the effects of fetal SCN tissue grafts into aged
rodents, whereby a conditional association was observed between
the presence of VIP-expressing transplanted cells and success-
ful restoration of locomotor activity, temperature, and drinking
rhythms in aged mice (101). Modeling work by Vasalou and col-
leagues (112) underscores the impact of even modest reductions in
the connectivity of VIP neurons in the SCN, in that elimination of
only a small amount of long-range VIPergic connections leads to
decreased synchrony among cells in the master clock.

At a synaptic level, studies in mice suggest an age-associated
reduction in the density of GABAergic synapses in both the core
and shell of the SCN (113). Given the role of GABAergic signaling
in regulating the activity of SCN cell firing (114), this reduction
in synapses could have meaningful implications for age-related
changes in the timing of the master clock.

Neuronal coupling in the SCN. Perhaps the most consistent
changes observed in the aging SCN are related to the rhythm and
synchrony of cell firing. Multiunit recordings in rodents indicate
that the amplitude of SCN activity decreases with age, and that
this decrease may reflect a loss of coherence in firing patterns
across SCN cellsin aged animals (115-117). Farajnia and colleagues
(118) identified in aged mice (approximately 24 months) greater
numbers of neurons within the SCN in which peak firing occurred
out of phase with the dominant SCN rhythm in comparison with
young mice (aged 3 months). SCN neurons in aged animals were
also less inhibited by GABAergic stimulation, which appears con-
sistent with the loss of GABAergic synapses in the SCN with age
(113). Observations that the amplitude of the firing rhythm in SCN
neurons diminishes with age, while the oscillation of firing in indi-
vidual SCN neurons between day and night appears to remain
fairly robust in aged animals, suggest an age-related decline in the
overall coherence of the output signal from the SCN (91, 119). This
loss of coherence at a network level within the master clock may
contribute to the weakening or desynchronization of oscillators
downstream of the SCN.

Clock gene expression in the SCN. Causal links between clock
gene expression patterns in the SCN and age-associated chang-
es in circadian rhythms have not been conclusively demonstrat-
ed. However, what evidence exists suggests that this relation
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may be critical. In the PER2::LUC mouse, housing in constant
dark conditions revealed a dampening of the PER2 rhythm in
the SCN with age (13-15 months), as well as a lengthening of
the circadian period of expression (91). Further experiments
within this study suggest that these changes in rhythmic PER2
expression in the SCN arise as a consequence of decreased
rhythmic cell firing in the SCN (91). Targeted manipulation
of clock genes selectively within the SCN yields changes in
rhythms of physiology or behavior that approximate some of
those observed during the natural course of aging (120). For
example, a forebrain-specific deletion of floxed Bmall in mice
profoundly affected locomotor activity rhythms and peripheral
clock synchrony in the absence of a light/dark schedule, despite
having no impact on lifespan (121).

Interestingly, system-wide knockouts of clock genes create
so-called “accelerated aging” phenotypes in both Drosophila and
mice. For example, Bmall-null mice develop sarcopenia, cata-
racts, and slowed hair growth, and exhibit a significantly shorter
lifespan compared with wild-type age mates (96). Similarly, null
mutation of the Per gene in Drosophila is associated with signifi-
cantly shorter lifespan, as well as greater accumulation of age- and
stress-related oxidative damage, compared with wild-type flies
(97). Some criticisms of these findings have been raised, in that
clock genes such as Bmall have important, noncircadian roles in
the development of organisms (122, 123). As such, a system-wide
manipulation of these genes may yield a phenotype that is not
exclusively due to disruption of the circadian clock (124). Howev-
er, these and other associated findings raise the intriguing possi-
bility that changes in clock gene expression may be implicated not
only in age-associated changes in circadian rhythms of behavior
and physiology, but also more broadly in the processes of aging
overall (i.e., irrespective of rhythmicity).

A component of this relation between clock genes and aging in
physiology may be via sirtuin 1 (SIRT1), an NAD-dependent pro-
tein deacetylase (125) that appears to mediate the effects of caloric
restriction on longevity (126). In vitro, SIRT1 regulates the acetyla-
tion of Bmall and Per2 in mouse liver (127, 128) and human hepato-
cytes (129). SIRT1 expression in mouse brain and liver decreases
with age, and knockout of Sirt1 throughout the brain is associated
with reduced Bmall and Per2 mRNA expression in the SCN (125,
129). Furthermore, Sirt1 knockouts display a premature aging phe-
notype, including disrupted activity rhythms comparable to those
in aged (19-22 months) wild-type mice (125, 130), as well as short-
ened lifespan and increased levels of proinflammatory markers in
blood (129). In contrast, overexpression of Sirt1 in the mouse brain
is associated with elevated Bmall and Per2 mRNA in the SCN, and
a shorter free-run period than in wild-type littermates (125). Tak-
en together, these findings suggest a role for an age-dependent
decrease in SIRT1in mediating changes in the molecular circadian
clockwork (125).

Sensitivity to zeitgebers

Light. Given the importance of time cues, or zeitgebers, in reset-
ting the circadian system on a daily basis, reduced sensitivity to
zeitgebers from the environment could contribute to circadian
changes in later life. Several avenues of research have examined
this possibility with respect to light, the most powerful zeitgeber.
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Humans exert considerable control over their exposure to
light in their environment. In general, previous research does
not suggest that older adults are exposed to less light during the
day relative to younger adults (131), although this may not be the
case for adults who are in residential care or nursing facilities
(132). Important differences may arise, however, in the transmis-
sion of light through younger versus older eyes. For example, the
human lens yellows and increases in thickness with age, leading
to an estimated 1% annual reduction in overall light passage to
the retina with each year above age 18 (133). This yellowing has a
selectively stronger effect on shorter wavelengths of light, which
are preferentially absorbed by intrinsically photosensitive retinal
ganglion cells (ipRGCs) that transmit time-of-day information
to the SCN (134, 135), and degree of lens yellowing is associated
with reported sleep disturbances in older adults (136). Pupil size
and responsiveness of ipRGCs to blue light may diminish with
age, although not all findings are consistent (137, 138).

Cataracts have also been associated with impaired sleep
quality, and removal can exert a beneficial effect on sleep effi-
ciency and the amplitude of the melatonin rhythm in older adults
(139-141). However, the magnitude of this effect appears limited
and transient, and may be most pronounced in individuals who
have particularly poor sleep quality (140, 142). Given the sensi-
tivity of the circadian system to shorter-wavelength light (with
respect to melatonin release, for example), recent randomized
controlled clinical trials have evaluated the circadian effects of
“blue-blocking” lenses designed to reduce phototoxicity and risk
of light-exacerbated macular degeneration. However, evidence
to date has not indicated clear effects of such lenses on measures
of sleep efficiency, activity, or melatonin release (143).

Metabolic cues. Although light is the most potent zeitgeber for
the circadian system, other cues such as metabolic signals play a
powerful role in regulating the circadian clock (144). In contrast
to the SCN, circadian oscillators in tissues such as liver, heart,
kidney, and lungs will entrain to schedules of restricted food pre-
sentation that are out of synchrony with the light/dark schedule
(145). Research examining the potency of restricted food deliv-
ery as a zeitgeber across the lifespan suggests that responsive-
ness to this nonphotic time cue may only be modestly affected
by age. For example, similarly to young rats, older rats (approxi-
mately 24 months) will still develop anticipatory bouts of activity
for food presentation on a restricted schedule (146, 147).

Given that timed food delivery is a highly potent zeitgeber
and does not exert its entrainment effects via the SCN (148), it
is possible that timed food delivery could serve as an effective
means of resynchronizing circadian timing in older individu-
als (reviewed in ref. 149). For example, Walcott and Tate (147)
reported that low-amplitude, fragmented activity rhythms in
aged rats (13-18 months) became more consolidated after a
14-day period of food restriction. Chronic caloric restriction has
received significant attention as having “anti-aging” effects in
humans and nonhuman species, although protocols are typical-
ly focused on limiting overall quantities of food intake instead
of their timing per se. Interestingly, recent work in Drosophila
indicates that the lifespan-extending effects of chronic dietary
restriction are mediated by increased expression of several clock
genes in peripheral tissues, which regulate fat metabolism (150).
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These and other related findings imply that limited, timed food
access may be an avenue through which age-associated patholo-
gies involving the circadian system, such as neurodegenerative
diseases, could be mitigated (149).

Desynchronization of downstream oscillators from the master
clock. Another possible mechanism underlying circadian dis-
ruption with aging pertains to the relative synchrony between
SCN and oscillators in central and peripheral tissues. One indi-
cation of weakened control by the master clock over peripheral
oscillators comes from phase-shifting studies, in which rhythms
of sleep, activity, and temperature in older animals, including
humans, take longer to re-entrain to a light/dark cycle after a
phase advance (26, 130). Using the PER2::LUC mouse model,
Sellix and colleagues (151) demonstrated that peripheral clocks
in esophagus, lung, and thymus gland in older mice (22-28
months) were slower to entrain to a 6-hour phase advance
of the light/dark schedule, in comparison with younger (3-6
months) mice. In Drosophila, downstream clock gene oscillation
in peripheral tissues and behavioral rhythms decrease in ampli-
tude and become fragmented with increasing age (58 days) (83),
despite robust Per expression rhythms persisting in neurons.
These findings may suggest that a dampening of rhythmic out-
put from the master clock with age may lead to a desynchroniza-
tion between central and peripheral oscillators, and consequent-
ly misalign peripheral oscillators with external temporal cues
(151). In support of this idea, manipulations intended to align
peripheral oscillators with the master clock, such as imposing an
environmental temperature rhythm that is synchronized with
the light/dark cycle, have yielded improvements in sleep and
activity rhythms in aged Drosophila (83). Similarly, in rodents
lacking a functional master clock, restricted feeding schedules
are sufficient to synchronize rhythmic clock gene expression
across several peripheral oscillators (121, 152).

Conclusions

The functioning of the biological clock is intimately linked to healthy
development across the lifespan. Clearly, a number of rhythms in
behavior and physiology exhibit marked flexibility as humans tran-
sition from early to late adulthood. Given the centrality of the circa-
dian clock to so many vital human physiological functions, deeper
insights into how age-related changes in the clock arise may be far
more influential for human health and longevity than anticipated. In
support of this, analyses of the variability of the free-run circadian
period (1) in several species suggest a negative relationship between
lifespan and deviation of t from 24 hours (153, 154).

Going forward, one of the primary challenges will be to dis-
cern which among these changes in the circadian system docu-
mented to date are clearly maladaptive for healthy aging, and
which are amenable to intervention. Sleep rhythms, for exam-
ple, may present a viable target. Yet whereas sleep disruptions
are consistently linked to a number of poorer health outcomes, a
shift in chronotype may not be as detrimental to health or quality
of life in comparison.

Perhaps greater challenges lie in determining the mechanisms
that underlie these changes. In view of the complexity of the circa-
dian clock, it is likely that each age-associated pattern of change
reflects an interaction of multiple variables. For example, recent



The Journal of Clinical Investigation

evidence for a genetic predisposition toward a morningness chro-
notype (155) may suggest that the transition toward morningness
with increasing age could involve epigenetic mechanisms within
the molecular clock, changes in inputs to or outputs of the mas-

ter clock, downstream oscillator sensitivity to SCN signals, or any

combination thereof. As such, future research should consider the
interplay of the variety of factors reviewed above, including zeit-
geber type, SCN function, and peripheral oscillator sensitivity, in

investigating the causes of these changes.
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