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Ageing and Circadian rhythms
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Abstract

Circadian clocks are cell-autonomous molecular feedback loops that generate daily rhythms in
gene expression, cellular functions, physiological processes and behavior. The mechanisms of
circadian clocks are well understood in young fruit flies Drosophila melanogaster, but less is
known about how circadian system changes during organismal aging. Similar as in humans, rest/
activity rhythms tend to weaken with age in fruit flies, suggesting conservation of aging-related
changes in the circadian system. It has been shown that aging is associated with reduced
expression of core clock genes in peripheral head clocks while similar reduction may not occur in
central clock neurons regulating behavioral rhythms. Arrhythmic flies with mutations in core
clock genes display accelerated aging and shortened lifespan suggesting that weakened circadian
rhythms may contribute to aging phenotypes. To understand whether strong circadian clocks
support organism’s healthspan and lifespan, future research needs to focus on age-related changes
in clock genes as well as clock-controlled genes in specific organs and tissues.

Circadian clocks are cell-autonomous molecular feedback loops that generate daily rhythms
in gene expression, cellular functions, physiological processes and behavior. Among insects,
the clock mechanism is best understood in Drosophila melanogaster (see article by
Tataroglu and Emery in this issue). Briefly, two transcription factors encoded by the genes
Clock (CIKk) and cycle (cyc) stimulate the transcription of period (per) and timeless (tim)
genes in the early night. PER and TIM proteins accumulate in the cell nuclei and repress
CLK-CYC activity, resulting in the suppression of per and tim transcription [1]. Clock
oscillations are enhanced by many other genes, including Par domain protein 1¢ (Pdple)
and vrille (vri) [1]. Circadian rhythms persist in experimental conditions of constant
darkness (DD) with a circa 24h period, but are normally entrained to daily light/dark (LD)
cycles via light-sensitive CRY protein encoded by the cryptochrome (cry) gene. The fly
circadian system consists of the central clock neurons, which control rest/activity rhythms,
and a multitude of peripheral clocks in sensory neurons, glia, fat bodies, gut and excretory
epithelia. Peripheral clocks function independently of the central clock, but they cycle less
robustly in constant conditions [2,3]. In contrast to the central clock, the output rhythms of
many peripheral clocks are not well understood.
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Aging is associated with a loss of temporal coordination in vital functions. A well-known
symptom of old age in mammals is the weakening of rhythmic behaviors, such as circadian
sleep/wake rhythms [4]. Rhythmic behaviors were not investigated across lifespan in insects
until a pioneer study that revealed that decline in sleep consolidation and weakened rest/
activity rhythms occur also in aging fruit flies Drosophila [5]. This work opened the road to
study the reciprocal relationship between aging and the circadian system in insects. Due to
their short lifespan (in the range of 50-80 days) and excellent genetic tools at hand, flies
may help to determine whether the decay of circadian rhythms with age is just a biomarker
of senescence or - more interestingly — whether there is a causative relationship between
weakened circadian rhythms and aging. The goal of this review is to summarize modest
inroads that were so far made in this area of research and to illuminate the power of insects
for future studies on aging circadian system.

Aging alters activity rhythms and circadian clockwork in D. melanogaster

Young flies have long consolidated bouts of sleep while aging is associated with more
frequent and shorter sleep bouts and declining strength of the overall rest/activity rhythm
[5]. Subsequent studies provided further evidence for age-related decay of rest/activity
rhythms (Figure 1), such as the lengthening of the free running circadian period and an
increasing percentage of flies becoming weakly rhythmic or arrhythmic [6-9]. Very old flies
showed drifts in the length of free running period with females exhibiting increased
incidences of phase instability and arrhythmicity in constant darkness compared to males of
the same age [6].

Breakdown in behavioral rhythms is accompanied by changes in clock gene expression in
peripheral clocks in fly heads. Clock genes per and timand their proteins showed dampened
oscillations in heads of old flies compared to young, and similar changes were detected in
clock-associated genes Pdple, vri, and cry [6,7]. Decreased clock oscillations in heads
suggest that peripheral clocks are affected, as they form a bulk of head clocks. Indeed, it was
determined by immunocytochemistry that retinal photoreceptor cells in the compound eyes
of old flies have reduced expression of nuclear PER at the expected peak compared to young
flies [6,7]. While retinal peripheral clocks were impaired by age, this was not the case for
Malpighian tubules as strong PER oscillations were observed in 50-days old flies. With
regard to central clock neurons, it was demonstrated that they maintain strong PER rhythm
in one study [6], while another study reported reduced PER and TIM oscillations in these
neurons in old flies [9]. These differences may reflect the fact that aging rate and lifespan
can show substantial differences dependent on genetic background [5]. Another age-related
change observed in the central clock network was reduction in the levels of Pigment
Dispersing Factor (PDF) [6,9], a neuropeptide that helps to synchronize clock oscillation in
central clock neurons of young flies [10].

An important question that emerged from the studies discussed above is whether reduced
expression of clock genes is causally linked to the decay of rest/activity rhythms. If so, then
overexpression of genes reduced by aging should prevent decay of rest/activity rhythms.
Indeed, overexpression of PDF in PDF-positive neurons partially rescued behavioral
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rhythms and shortened free-running periods in old flies, and also increased TIM (but not
PER) expression in specific central clock neurons [9].

In addition to PDF, aging causes significant reduction in the level of CRY protein, which
mediates entrainment of clocks to light and is also involved in peripheral clock function in
their free-running mode in constant darkness [11]. Overexpression of cry in all clock cells
(using tim-Gal4 driver) significantly enhanced expression of several clock genes and
strengthened rest/activity rhythms in old flies as well as delayed their physiological aging
[11]. Interestingly, overexpression of cry in central clock neurons alone was not sufficient to
restore rest/activity rhythms suggesting that peripheral clocks play an active role in delaying
behavioral and physiological aging [11]. The rest/activity rhythms were also enhanced in old
flies by coupling light—dark cycles (LD) with a high-low temperature cycles [6]. Taken
together these studies suggest that age-related decline in rest/activity rhythm can be reversed
by genetic or environmental manipulations. They also suggest that aging may weaken
behavioral rhythms downstream of central clock, which can maintain strong oscillations
until very advanced age [6].

Effects of clock gene mutants on lifespan and healthspan

Physiological aging is accelerated by chronic disruption of clock functions in mammals, and
a null mutation in the core clock gene Bmal1 (homolog of cyc) significantly shorten lifespan
in mice [12,13]. It appears that longevity is also affected in flies with mutations in core
clock genes. Shortened lifespan was reported in per mutants with altered free-running period
[14], and in cyc-null males (but not females) [15]. In addition to lifespan, the healthspan of
flies may be affected by disruption of circadian clocks. When middle-age per-null mutants
were exposed to 24-h hyperoxic stress (100% oxygen), their mortality rate significantly
increased compared to age-matched wild-type flies exposed to this stress [16]. Further, per-
null mutant flies had significantly higher accumulation of oxidatively damaged proteins and
lipids along with accelerated loss of vertical climbing ability [16]. Poor climbing ability in
per-null flies was associated with increased neurodegeneration in 50-days old flies [16],
suggesting that clocks may have neuroprotective functions during aging. This was further
supported when lifespan was tested in neurodegeneration-prone sniffer (sni) [17] and swiss
cheese (sws) [18] mutants in per-positive and per-null backgrounds. sni or sws mutants with
disrupted clocks exhibited shortened lifespan and more severe neurodegeneration at a
younger age compared to either sni or sws single mutant with normal clock function [19].
Together, these results suggest that possessing a functional circadian clock may play
neuroprotective roles during aging by coordinating temporal homeostasis in the aging brain.

The neuroprotective role of the circadian clock may not apply to exogenous pathological
factors introduced into Drosophila disease models. When human amyloid  (AB) peptides
were expressed in flies to create Alzheimer disease (AD) models, disruption of a functional
circadian system via per-null mutation had little effect on fly lifespan or healthspan [20]. On
the other hand, overexpression of pathogenic AB42 peptide carrying the arctic mutation
(Ap42arc) led to accelerated decline in rest/activity rhythms, combined with loss of vertical
climbing ability and increased neurodegeneration even in 15-20 days old flies [20,21].
Surprisingly, central clock neurons of these flies were intact and exhibited robust cycling in
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PER with a peak and trough that was not significantly different from age matched controls
[20,21]. These studies suggest that damage to clock output pathways downstream of the
central clock could be responsible for the loss of rest/activity rhythms in AD model flies. As
pathways leading from central clock to rhythmic behavior are being identified [22] flies may
serve as an excellent model to investigate often observed but poorly understood links
between neurodegenerative diseases and loss of sleep/wake rhythms in humans [23].

What are the bases of anti-aging effects of the functional circadian system?

The emerging evidence linking the circadian system with delayed aging calls for the
understanding of the pathways mediating these relationships. Circadian clocks impose
rhythmicity on the expression of many target genes, so called clock-controlled genes
(CCGs). Genome-wide studies of the circadian transcriptome determined that many CCGs
act in healthspan supporting pathways regulating redox, ROS homeostasis, and
detoxification in central and peripheral clocks [24-26]. Yet, it is not known how aging
affects expression of these CCGs on a genome wide-scale. Among CCGs that are
rhythmically expressed in heads of young flies are Gclc and Gclm genes which are involved
in biosynthesis of a major endogenous antioxidant, glutathione [27]. We recently found that
the expression of these genes is arrhythmic in heads of old flies (Klichko et al, in
preparation). It could be hypothesized that aging of the circadian clock may lead to
dampened rhythms or arrhythmicity in many CCGs maintaining temporal homeostasis in the
nervous system of young flies (Figure 1). Deregulation of temporal homeostasis in the aging
brain could, in turn, accelerate age related pathologies such as neurodegeneration, and thus
weaken rest/activity rhythms. This hypothesis could be tested by investigating the effects of
aging on circadian regulation on a genome-wide scale in Drosophila, which is an excellent
model in both circadian and aging studies.

Interactions between clocks, endocrine signaling, and longevity

Aging and longevity are regulated by insulin/insulin-like growth factor (IGF) signaling (11S),
which is activated by nutrient intake. Reduced 1S extends healthy lifespan in many animals
including Drosophila. There are many reciprocal links between 1IS and the circadian system
in young Drosophila. First, some genes in this pathway are expressed rhythmically in heads
of young flies [28]. Secondly, manipulation of the AKT and TOR-S6K pathways, which are
major regulators of nutrient metabolism, cell growth, and senescence, impacts the free
running period of the central circadian clock that drives behavioral rhythms in Drosophila
[29]. Finally, reduced TOR or insulin signaling can reverse age-related sleep decline in flies
[30]. It would be interesting to test whether reduced IIS signaling improves the circadian
rhythm of clock gene expression in aging flies.

Insulin signaling is also involved in insect reproductive diapause which is a prominent way
to extend female lifespan. Diapause is a programmed arrested state of development that
allows insects to survive adverse seasonal conditions. Cessation of reproduction occurs in
response to inhibition of juvenile hormone (JH), but studies in a number of insects suggest
that lifespan is shortened by increased JH and extended by the removal of JH-producing
glands independently of reproduction [31-33]. Interestingly, some genes in the JH
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biosynthetic pathway show circadian rhythmicity in the fruit fly, mosquito, and honey bee
[34], and additionally high amplitude rhythms in hemolymph JH levels were reported in the
migratory but not in the reproducing cricket morph [35]. However, it remains to be
determined whether rhythms in JH biosynthesis exist in adult insects of other species and, if
so, whether they affect aging and lifespan of insects.

There is increasing evidence that health status of single tissue types may affect insect
longevity. Specifically, regenerative potential of the intestinal stem cells (ISC) affects aging
in D. melanogaster [36]. Unexpectedly, the core clock gene period, was reported to be
critical for synchronizing ISC cell divisions during regeneration of damaged gut epithelium
[37], suggesting that the clock may be important for long-term tissue homeostasis and the
ability of stem cells to self-renew. However, with the exception of a few tissues (central
clock neurons, retinal photoreceptors, and Malpighian tubules) we do not know how the
expression of clock genes and CCGs change with age in other cells with functional clocks.

Conclusions and future directions

Research on the relationships between circadian clocks and aging is in an early exploratory
phase with more questions than answers. The status of central clock neurons in old flies
seems to require further research, but it is clear that rest/activity rhythms can become
disrupted by normal aging or by the introduction of pathogenic AP peptides despite strong
oscillations of clock genes in the central clock neurons [6,20,21]. It is possible that
peripheral clocks in the fly head, while dispensable for strong rest/activity rhythms in young
flies, may be important in old flies via their role in maintaining temporal homeostasis in the
nervous system. To address these questions, future research needs to focus on age-related
changes in clock genes as well as clock-controlled genes and processes in specific tissues.
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Scheme summarizing changes in the circadian system of D. melanogaster. Clock
oscillations that are strong in young flies, may be dampened in old flies, and are gone
altogether in clock mutant flies. Many output rhythms are governed by the clock-controlled
genes (CCGs) in young flies. It is not known how expression profiles of CCGs change
during aging: the rhythms may become attenuated, or abolished at the peak or through
(indicated by the broken lines). Arrhythmic flies with null mutation in per or cyc gene show

accelerated aging and shorter lifespan, respectively.
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