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Abstract Drosophila is a powerful system for the molecular analysis of circadian

clocks, providing the first account of how such a clock is generated. It is also proving

to be an excellent model to dissect the neural basis of circadian behavior. In addition,

clocks are located in peripheral tissues in flies, but much less is known about these

clocks and about the physiological processes they control. This chapter describes the

use of Drosophila for understanding the circadian control of metabolism. While a

clock in the fat body is critical for metabolic function, it is clear that neuronal clocks

are also involved. Indeed, synchrony between these clocks is important for reproduc-

tive fitness. A complex interplay between circadian and metabolic signals is indicated

by the finding that metabolic pathways can even impact rest:activity rhythms con-

trolled by the brain clock. Drosophila may be an optimal system to dissect the nature

of these interactions and their importance for organismal fitness and life span.

Genetic analysis of circadian rhythms started with the isolation of the period (per)
mutants in the fruit fly, Drosophila melanogaster, followed by isolation of the per
gene in the mid 1980s (Bargiello et al. 1984; Jackson et al. 1986; Konopka and

Benzer 1971; Reddy et al. 1984; Zehring et al. 1984). Subsequent studies identified

the per partner, timeless (tim), and the transcriptional feedback loop that we now

know lies at the heart of the clock mechanism in all species (Sehgal et al. 1994,

1995). In the Drosophila loop, the Clock (CLK) and cycle (CYC) transcriptional

activators promote expression of per and tim mRNA during the mid to late day but

are repressed by feedback activity of PER-TIM in the late night and early morning.

Regulated expression and activity of clock proteins in this loop are sustained

through post-translational mechanisms, in particular the action of multiple kinases

and phosphatases (Zheng and Sehgal 2008, 2012).

Contrary to expectations that clocks would be localized largely, if not exclu-

sively, in the brain, analysis of Drosophila per showed that it was expressed in

multiple tissues throughout the body (Liu et al. 1988; Saez and Young 1988).

Indeed, use of a reporter in which per was fused to firefly luciferase showed that
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per was expressed cyclically in most tissues. Analysis of isolated tissues revealed

that luciferase activity continued to cycle in the absence of neural connections or

systemic signals, indicating the presence of tissue-autonomous clocks (Plautz

et al. 1997). Subsequent studies showed that the degree of autonomy varied from

tissue to tissue. The Malphigian tubules or fly kidneys, for instance, appeared to be

completely autonomous, such that they retained their own “timing” even when

transplanted into a host that was synchronized to a different day:night cycle

(in other words, a different time zone; Giebultowicz et al. 2000). On the other

hand, the clock in the prothoracic gland, which drives a circadian rhythm of

eclosion (hatching of adult flies from pupae) in Drosophila, is “slave” to the “master

clock in the brain (Myers et al. 2003). Thus, the brain clock is required for eclosion

rhythms as well as for maintenance of the prothoracic clock (Myers et al. 2003). In

addition, central nervous system signals, in particular the neuropeptide Pigment

Dispersing Factor (PDF), modulate the clock in pheromone-producing oenocytes,

which regulate mating (Krupp et al. 2013).

The emerging pattern is that of a network of clocks that control many aspects of

physiology and depend upon neural function to varying extents. The question is the

extent to which Drosophila can be used to study circadian regulation of these

different physiological processes and provide an understanding of the circadian

system as a whole. This chapter outlines studies directed towards circadian control

of metabolism in Drosophila.

Use of Drosophila to Study Behavior andMetabolic Function

As noted above, Drosophila has proved to be an outstanding system to dissect the

molecular basis of the clock. Genes first found in Drosophila are now known to be

mutated in some human circadian disorders. It is now also clear that Drosophila can

be exploited to provide a complete understanding of the neural circuits that drive

rhythms in behavior. The per and tim mutants were isolated through screens that

used eclosion behavior as an assay for circadian function. Eclosion is “gated” by the

circadian clock to occur around dawn, so while it only occurs once in the life of

every fly, it can be monitored as a rhythm in a population. In addition to eclosion,

the per and tim mutants were found to affect rhythms of rest:activity, and subse-

quently, in particular with the development of high throughput systems for moni-

toring locomotor activity, the field shifted to almost exclusively using rest:activity

as a readout of internal clock function. Through work done in several laboratories,

we now have a fairly good understanding of the clock neurons in the brain that drive

rhythms of rest:activity (Nitabach and Taghert 2008). Interestingly, different sub-

sets of neurons are required for different aspects of the overt rhythm, for instance.

for the morning and evening peaks of locomotor activity. In addition, we recently

identified a neural circuit that connects the clock neurons to other brain cells

required for rhythmic rest:activity (Cavanaugh et al. 2014). It seems likely that,

in the near future, we will be able to trace the passage of time-of-day signals all the

way from the clock to the motor neurons that drive activity.
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Until ~2008, little to no work had been done on circadian metabolism in

Drosophila. However, flies have been used for general studies of metabolism, and

are particularly useful as a model for aging, which is influenced strongly by

metabolic parameters (Katewa and Kapahi 2010). As circadian regulation may be

relevant for aging, we undertook to address links between metabolism and the

circadian system.

The Drosophila Fat Body Contains a Clock that Regulates

a Rhythm of Feeding

As we were accustomed to monitoring behavior in Drosophila, our studies of

metabolic function also started with measurements of a metabolism-influenced

behavior. We assayed food intake at different times of day and found that flies

display a circadian rhythm of feeding such that food intake occurs maximally in the

morning hours (Xu et al. 2008). A later study identified an additional peak of

feeding that occurs later in the day and confirmed that nighttime hours of quies-

cence are associated with reduced food intake. As required of an endogenously

driven rhythm, the rhythm of feeding persists in the dark, i.e., in the absence of

environmental cycles. Also, it is eliminated in the dark in flies lacking the Clk gene,
demonstrating that it is under the control of the molecular clock mechanism

described above (Xu et al. 2008).

To address the regulation of the feeding rhythm, we considered a role for the fat

body, as this is a major metabolic tissue in Drosophila and is generally considered

the functional equivalent of the liver. We found that clock genes, specifically tim,
were expressed in the fat body and displayed a daily rhythm (Xu et al. 2008). To

determine if this cycling was driven by a clock in the fat body, as opposed to signals

from elsewhere, we disrupted the fat body clock by transgenically expressing a

dominant negative version of the CLK protein. This manipulation abolished tim
cycling, indicating that it depends upon a clock in the fat body. Interestingly,

disruption of the fat body clock also affected the phase of the feeding rhythm,

such that flies now showed maximal food consumption in the evening hours

(Xu et al. 2008). The fact that the feeding rhythm was not abolished suggests that

clocks in other tissues can also drive this rhythm.

Fat Body and Neuronal Clocks Coordinately Regulate

Metabolic Parameters

We found that loss of the fat body clock did not just affect the feeding rhythm but

also overall food intake (Xu et al. 2008). Food consumption was higher at all times

of day relative to controls. Reasoning that increased food consumption increases

sources of energy and therefore might be protective in adverse conditions of low
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nutrient availability, we tested flies lacking a fat body clock in starvation assays. To

our surprise, we found that they were actually more sensitive to starvation and so

died earlier than their wild type counterparts. This finding suggested that the

increased food consumption was not increasing nutrient stores but was perhaps

occurring in response to low endogenous levels of nutrients. Indeed, we found that

glycogen and triglyceride levels were low in flies that lacked a clock in the fat body.

These results were unexpected because clock mutants, in other words flies

lacking clocks in all tissues, do not show obvious metabolic phenotypes. The

defects seen when only the fat body clock was ablated suggested that clocks in

other tissues might have opposing effects on metabolic parameters. Neurons

appeared to be good candidates for housing such clocks, as the brain is known to

regulate metabolic activity, and so we disrupted clock function in neurons. We used

the same tool as for the fat body clock (dominant negative clock proteins) and

confirmed that neuronal clocks were disrupted by monitoring rest:activity behavior.

As expected, rest:activity was arrhythmic. Measurement of metabolic parameters

showed that nutrient stores, triglycerides and glycogen, were higher in flies with

disrupted neuronal clocks than in wild type controls (Xu et al. 2008). As might be

predicted, loss of neuronal clocks also increased resistance to starvation.

These data indicate that the fat body and the neuronal clock oppose each other in

the control of metabolic function (Fig. 1). Typically, the fat body clock suppresses

feeding, promotes storage of nutrients and increases resistance to starvation. Thus,

loss of the fat body clock results in increased feeding, lower nutrient stores and

sensitivity to starvation. Conversely, neurons are very metabolically active, and so

clocks in these promote feeding, depletion of energy stores and sensitivity to

starvation. All these functions are likely reversed when neuronal clocks are lost.

Neurons Metabolic �ssues

Energy stores
Survival when starved

Fig. 1 Neuronal and metabolic clocks have opposing effects on metabolic parameters. These

effects are predicted based upon phenotypes obtained by disrupting neuronal or fat body (meta-

bolic) clocks. Disruption of neuronal clocks increases glycogen and trigyceride stores and pro-

motes survival in response to starvation, whereas disruption of the fat body clock decreases

glycogen and trigyceride stores, increases feeding and decreases survival upon starvation
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We documented increased nutrients and resistance to starvation in the absence of

neuronal clocks but were unable to reliably quantify food intake, as this was so low.

In a subsequent study, we identified a specific group of neuron that regulate

triglyceride levels (DiAngelo et al. 2011). These are the central clock neurons in the

brain, which are critical for rest:activity rhythms. Interestingly, though, the effects

of these neurons on triglyceride levels are separable from their effects on rest:

activity.

Rhythmic Gene Expression in the Fat Body Is Controlled

Largely, but not Exclusively, by the Fat Body Clock

To address the mechanisms by which the fat body clock regulates metabolic

homeostasis, we sought to identify the genes expressed rhythmically in this tissue

(Fig. 2). To this end, we collected tissue every 2 h around the clock over a 2-day

period and profiled gene expression using microarrays (Xu et al. 2011). Simulta-

neously, we collected samples every 4 h from flies lacking a fat body clock due to

expression of a dominant negative form of the CLK protein. We found that

expression of many genes is cyclic in the fat body. Interestingly, several of these

continue to cycle when the fat body clock is ablated, suggesting the influence of

other factors, either the light:dark cycle or clocks elsewhere. In recent work, we

have found that clocks in other tissues are required for at least some of the rhythmic

cycling in the fat body.

Microarrays

Fig. 2 Circadian gene

expression in the fat body:

The protocol shown was

followed to assay circadian

gene expression in the fat

body. Fat bodies were

collected at 2-h intervals

over a 48-h cycle in wild

type flies and at 4-h

intervals in flies lacking a

fat body clock. Several

classes of genes were found

to cycle
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A Restricted Feeding Paradigm Resets the Phase of Cyclic

Gene Expression in the Fat Body but not in the Brain

The genes expressed cyclically in the fat body fall into many different functional

categories, including lipid synthesis (in particular, fatty acid elongation), lipid

breakdown, steroid hormone metabolism and immune function. The peak of gene

expression for these different processes tended to occur at different times of day. To

determine if temporal separation of gene expression by the clock was important for

metabolic physiology, we sought to disrupt this temporal relationship. Reasoning

that the time of feeding might be important for the peak in metabolic gene

expression, but perhaps not for expression of immune genes, we restricted food to

a time of day when feeding was typically less (6 h in the early evening) and we

examined circadian gene expression (Xu et al. 2011). We found that the time of

feeding was indeed important, in fact even more than predicted. Thus, the clock in

the fat body was reset by the time of feeding, which led to a reset of all downstream

cycling genes.

Restricted feeding (RF) only changed the phase of gene expression if it occurred

at the wrong time of day. If food was restricted to a time that corresponded to the

normal daily peak of feeding, then the phase was maintained and the amplitude of

the rhythm became stronger (note that normally the amplitude is low in constant

darkness). On the other hand, RF had no effect on circadian gene expression in the

brain (Xu et al. 2011).

Decoupling Peripheral and Brain Tissues Decreases

Reproductive Fitness

As discussed above, a RF paradigm desynchronizes brain and fat body clocks as it

resets the fat body, but not the brain clock. To determine if this process had

physiological consequences, we monitored egg laying as a measure of reproductive

fitness in animals maintained on RF. To exclude any influence of the duration of

feeding, we compared egg production by flies fed for 6 h daily at the time they

would normally eat with those fed for 6 h at the wrong time of day (Xu et al. 2011).

Measurements of food intake showed equal food consumption in both groups,

indicating that 18 h of starvation promoted equivalent feeding regardless of

circadian time.

We found that flies fed at the wrong time laid fewer eggs than those fed at the

correct time. However, these differences were not noted in a Clk mutant, indicating

that they reflected an interaction of the time of feeding with endogenous clocks

(Xu et al. 2011). We surmise that desynchrony of brain and peripheral clocks,

achieved by an RF paradigm, reduced reproductive success.
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Metabolic Signals Also Affect Clocks in the Brain

While this chapter focuses on the circadian control of metabolism, we have also

uncovered effects of metabolic signals of central clock function and rest:activity

behavior. We found that the FOXO protein, a well-known component of metabolic

pathways, is expressed in the fat body but can influence the brain clock’s response
to oxidative stress (Zheng et al. 2007). We also found that manipulations of the

TOR-Akt pathway alter periodicity of rest:activity rhythms in parallel with effects

on the molecular clock in brain neurons (Zheng and Sehgal 2010). Thus, meta-

bolism and circadian clock interact on multiple levels, with consequences in

both directions.
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