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ARTICLE INFO ABSTRACT

Despite the importance of learning and circadian rhythms to feeding, there has been relatively little effort to
integrate these separate lines of research. In this review, we focus on how light and food entrainable
oscillators contribute to the anticipation of food. In particular, we examine the evidence for temporal
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Egarndipg conditioning of food entrainable oscillators throughout the body. The evidence suggests a shift away from
Nirectzbt;?sm previous notions of a single locus or neural network of food entrainable oscillators to a distributed system

involving dynamic feedback among cells of the body and brain. Several recent advances, including
documentation of peroxiredoxin metabolic circadian oscillation and anticipatory behavior in the absence of a
central nervous system, support the possibility of conditioned signals from the periphery in determining
anticipatory behavior. Individuals learn to detect changes in internal and external signals that occur as a
consequence of the brain and body preparing for an impending meal. Cues temporally near and far from actual
energy content can then be used to optimize responses to temporally predictable and unpredictable cues in

the environment.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The temporal dynamics of foraging, eating, digestion, and
metabolism are central to the understanding of energetics. Their
study has been approached via research on feeding behavior and
metabolism, learning, and circadian timing, although there has been
relatively little integration of these areas of interest. In the context of
each field, this is understandable. These disciplines have distinct
historical roots, different compelling questions, and each is intuitively
salient and interesting in its own right. Another reason for the lack of
intersection is discrepancy between units of analysis. At the
behavioral level, feeding and learning studies focus on the meal, the
regulation of meal size, and motivation to obtain a meal. Work on
feeding behavior itself is concerned with delineating the cues that
signal meal location and time and their relative salience. Studies of the
circadian timing system are focused on understanding recurrent
physiology and behavior and use eating behavior or the anticipation
of eating as a window into oscillator mechanisms. If, however, one
considers the body as a dynamically changing system, where change
in one aspect produces change in another, the interactions between
feeding, circadian oscillators, and learning become significant. In that
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integrative spirit, we focus on findings in the literature on circadian
timing that indicate new mechanisms of interaction among feeding,
conditioning, and learning and memory.

The discovery of new mechanisms is always the impetus for a
paradigm shift in basic research. In the realm of the circadian timing
system, several identifiable shifts have emerged following a rapid
series of key discoveries. These enabled exploration of the mecha-
nisms associated with temporal organization in the performance of
bodily functions. Specifically, converging studies performed in many
laboratories indicated that a master circadian clock was localized to
the suprachiasmatic nucleus (SCN) of the hypothalamus [1], the genes
and proteins that constitute a core cell-based circadian clock were
delineated [2], and circadian oscillators were shown to occur
throughout the body, rather than being restricted to the SCN master
clock [3]. This led to the detection of oscillators in peripheral organs
and tissues that are entrained by food-derived cues [4,5], and
highlighted a balance among multiple synchronizing signals in the
environment. The discovery of peripheral oscillators also led to the
identification of large cohorts of tissue-specific genes whose tran-
scription varies with circadian time. Most recently, it has been
discovered that the oscillatory mechanisms underlying circadian
rhythms do not require transcriptional mechanisms. This finding is
important in the present context because for many years, the great
majority of studies of circadian rhythms have been focused on
mechanisms associated with cell autonomous circadian oscillation
based on cyclical gene and protein expressions requiring transcription
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and translation. This was true even though several important
circadian phenomena seemed inexplicable by such mechanisms
[6,7]. It is now clear, however, that there exist biochemical pathways,
evolutionarily ancient and perhaps highly conserved across taxa, that
can drive circadian rhythms in the absence of transcription [8-10]. As
a consequence of these discoveries we are now able to explore how
these different circadian clocks are linked and the key role played by
feeding-associated signals and learning.

The goal of the present paper is to describe areas of overlapping
interest in three domains: circadian timing systems, feeding behavior,
and learning and motivation. Our perspective is stimulated by evidence
that salient cues associated with each of these systems influence
circadian oscillators located throughout the body, and that these
oscillators, in turn, send signals back to the brain. We do not attempt
a thorough literature review, but instead point to review papers and use
specific case studies as exemplars of the main points raised.

1.1. Food entrained oscillators (FEOs) and light entrained oscillators (LEOs)
in historical perspective

Within the circadian timing system it is well established that in
rodents, a discrete population of about 20,000 neurons in the SCN is the
locus of a master circadian clock. This clock functions to regulate the
phase and period of numerous physiological and behavioral responses,
and enables entrainment to daily light-dark (LD) cycles (reviewed in
[11]). The evidence for a key role of the SCN derives from years of
convergent studies demonstrating that SCN ablation abolishes rhyth-
micity in most behavioral and physiological measures, that rhythmicity
within the SCN is sustained in vitro, and that transplantation of the SCN
from one animal to another produces the donor period in the recipient
(reviewed in [1]; Fig. 1). Given this solid evidence for a master clock in
the brain, it was surprising to find, in the 1970s, that circadian oscillation
in food anticipatory behavior (FAA) survives ablation of the SCN [12].
This result led to the possibility, and even the hope that there might be a
second nucleus containing a discrete population of oscillators, located
within the brain but outside of the SCN, that functioned to sustain
circadian rhythms following regularly recurring daily feeding schedules.
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These putative food entrainable oscillators (FEOs) were thought to be
circadian pacemakers independent of light entrainable oscillators
(LEOs) of the SCN. Several aspects of food anticipation suggested
control by a circadian mechanism.

1.2. Food anticipatory activity — the phenomenon that stimulated the
search for FEOs

The weight of evidence supports the view that the body uses an
endogenous circadian timing system under the control of food-
entrainable oscillators to predict the availability of food. These FEOs
activate food-seeking behaviors and facilitate the synthesis and
secretion of hormones necessary for digestion before mealtime. In the
typical experimental paradigm, food is made available for a few hours
daily, sufficient to ensure that the animals have no reduction in total
caloric intake or body weight (reviewed in [13,14]). The increased
activity seen in anticipation of a meal serves as a convenient measure of
anticipatory behavior and generally supports a role for circadian timing
mechanisms. When animals are entrained to a light:dark cycle and
restricted to a single meal at a fixed time each day they exhibit increased
locomotor activity beginning 1-3 h prior to mealtime. This behavior is
established in about a week following repeated exposure to the
regularly scheduled restricted feeding times. Importantly, the timed,
daily expression of food anticipatory activity (FAA) continues even
when meals are omitted for several days, indicating a memory for the
time of day. Several aspects of the response suggest that it involves a
circadian but non-SCN based oscillatory mechanism (reviewed in [14]).
First, when SCN-lesioned rats are shifted from a food restriction
schedule to total food deprivation, the expression of FAA continues for
several days and free-runs with a circadian period. Second, FAA rhythms
are most readily observed in feeding schedules with periodicity in the
circadian range, indicating limits of entrainment [15].

Such evidence, among other suggestive studies, led to extensive
searches for an FEO outside the SCN with the hope of finding a nucleus
entrained by food that was parallel to the light entrained SCN. Note
that despite limits of entrainment for a single food presentation, rats
with SCN lesions can anticipate 2 meals per day [16,17]. This raises the
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Fig. 1. Comparison of general activity of intact (A, B, C) and SCN-lesioned rats under ad lib (B, E) and food restricted (C, F) conditions. Vertical shaded regions indicate time of food
availability. General activity of representative animals is shown in the double-plotted actograms. Mean activity profiles in ad libitum feeding and during 3 weeks food restriction are
displayed (horizontal lines indicate mean activity level during the light phase). Note that FAA is maintained following ablation of the SCN.

Reprinted from Neuroscience, 165, Angeles-Castellanos et al., pp.1115-26, 2010, with permission from Elsevier [84].
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question of the nature of the FEO. It is not clear yet whether multiple
bouts per day arise from a single complex FEO or from multiple
parallel circuits or systems, each of which contributes to the timing of
a single FAA peak. Answering this question would be an important
step towards discovering central and peripheral substrates of FEOs.

As was done prior to the discovery of the hypothalamic clock in the
SCN almost 50 years ago [ 18], virtually each part of the brain has been
lesioned in the mostly unsuccessful search for a discretely located
food entrainable clock (reviewed in [19]). The search was re-
invigorated with the development of molecular tools for studying
cell-based oscillation in the brain and periphery [5,20,21]. This work
led to the puzzling finding that such a clock could not be located
definitively in either the central nervous system or in peripheral sites
[22]. The debate was inflamed in recent years by disagreements on the
interpretation of evidence for the presence or absence of FAA and
rhythmic clock gene expression following lesions and subsequent
rescue of gene expression in various brain regions and in various clock
mutant animals [23].

While a necessary brain site for FEOs is debatable, a long history of
studies has produced firm evidence that feeding cues can alter the
rhythms of neuronal activity and clock-gene expression [24-26].
These data indicate that the FEO timing system may engage a
distributed circuit rather than a discrete localized site in the brain
[27]. In parallel, there is clear evidence of food entrained circadian
oscillation in peripheral organs [28,29]. There is also a suggestion that
the FEO shares features with a methamphetamine sensitive circadian
oscillator that similarly persists after SCN lesions [30,31] with the
further suggestion that such oscillators may not require canonical
clock genes [32].

1.3. Characteristics of FAA

Several aspects of anticipatory responses clearly show that there is
more to the underlying mechanisms than FEOs in one neural locus or
in a distributed circuit. First, FAA involves learning and memory. It
takes about a week to establish FAA indicating that it is a conditioned
response. Once established, this learned response is remembered
even after a period of ad libitum feeding. Second, we challenge the
notion that because FAA involves learning and memory, it must take
place in the brain, and propose that anticipatory responses can occur
in the absence of a brain, and is evidenced in peripheral organs. Third,
studies of FAA often restrict access to food to short meal durations of
2-4 hours. We can reasonably conclude that in these conditions the
animals are food deprived, with the consequence that hunger signals
contribute to FAA. These short duration meals produce hunger signals
with properties of interval timers, analogous to the signal that
accumulates with sleep deprivation [33]. Fourth: there is a significant
and possibly additive interaction between photic and food-related
cues in the control of activity. The underlying mechanisms are
accessible to exploration.

2. The brain and body interact to determine anticipatory behavior

We suggest a shift away from the hypothesis of a neural circuit
entrained to food cues and propose that anticipatory behaviors can
best be understood as part of a dynamical system involving
integration of signals from oscillators in both brain and body. Such
oscillators entail both the well established clock genes and the newly
recognized biochemical oscillators that do not entail genetic mech-
anisms [8,9]. The phase of these oscillators can be set (learned) by
regularly or irregularly timed cues originating in either the body or
the external environment. The phase relationships among these
bodily oscillators are set by the SCN when food-derived, learned and
environmental photic cues are in appropriate phase with the animal's
activity. In contrast, the phase relationships among bodily oscillators
are set by food-derived and learned signals, but not by the SCN, when

these cues are out of phase with the animal's SCN regulated activity
(Fig. 2). In this view, the anticipation of food is an emergent property
based on multiple phase setting cues acting on oscillators, genomic
and non-genomic, throughout the body. Here we examine learning
and memory and its contribution to FAA, and then to better
understand the underpinnings, present evidence for learning and
conditioning to periodic events in a slime mold that lacks a central
nervous system. Finally, we examine the resilience of FAA in the face
of genetic ablations and what this reveals about FEO mechanisms.

2.1. FAA entails learning and memory

It takes about a week to establish regular FAA indicating that like
other examples of learning, several experiences may be necessary for
the learning to be complete. Additionally, when there are multiple
feedings in a 24-hour period, animals come to anticipate each meal at
the appropriate phase [34,35]. Importantly, once established, this
learned response is remembered even after a considerable delay.
Yoshihara et al. [36] established FAA by restricting feeding to an
arbitrary brief period of the day. Once FAA was established the
animals were put on ad libitum feeding for as many as 10 days. During
the period of free food access, there was no unusual activity during the
day. However, once the animals were food deprived, anticipatory
activity immediately reemerged at the time of day that had previously
been associated with food availability. The memory for the phase at
which food is available is an enduring one. This sort of learning is not
restricted to situations where food availability is spaced 24 h apart.
Animals come to anticipate food at intervals ranging from seconds to
days. In Pavlovian conditioning experiments food can follow another
food at regular intervals or regularly follow an arbitrary cue after
seconds or minutes [37]. As in FAA, times of food availability are
learned [37,38] and activity [39,40] as well as feeding related signals
[41] occur in anticipation. For example, Timberlake [40] has
documented that when cues signal relative remoteness from food,
general activity increases but as food becomes more proximal,
behaviors become more and more focused on localized search and
consummatory responses. Similarly, feeding signals change as the
temporal proximity to food increases, including signals important for
meal regulation such as insulin, ghrelin and glucagon-like peptide-1
(GLP-1) (see [41] for review).

There is considerable debate about the mechanisms underlying
timing of non-circadian intervals [42-46]. The search for a “clock” that
underlies such timing has not yet yielded a specific locus. At a
behavioral level, there is evidence that multiple mechanisms probably
exist [44] and that some of these mechanisms have the properties of
oscillators that can be reset by arbitrary cues [46,47]. Such a view
requires that there be collections of oscillators appropriate for timing
of an infinite number of arbitrary intervals. Below, we suggest that
recent data on timing outside of and even without a nervous system
opens the possibility that the timing mechanisms do not rely on fixed
period oscillators but rather become tuned to the periodic structure of
environmental changes.

An example of how such mechanisms might operate is seen in the
behavior of a simple organism, the slime mold.

2.2. Anticipation as a no-brainer

A notion we challenge is the assumption that the mechanisms
supporting FAA are restricted to the CNS, and draw on literature from
simple organisms to make this point. In order to investigate primitive
forms of functions such as learning, memory, anticipation, and recall,
that are most often ascribed to brain, slime mold were exposed to
periodic changes in ambient conditions and behavioral responses
were measured [48]. They note that, “...from an evolutionary
perspective, information processing by unicellular organisms might
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Fig. 2. Cartoon depicting the interaction of light-dark cycle and feeding schedule in modulating circadian rhythms in SCN, extra-SCN brain sites, liver, gastrointestinal tract, fat tissue,
and pancreas. The day-night cycle is shown schematically in the white and black ring bearing a sun and moon. A, upper panel. Under normal conditions, food is available and is eaten
at night (represented by clocks set to mid-dark phase—zeitgeber time; ZT18). The extra-SCN oscillators in the brain and body are entrained by cues from both the SCN and from
rhythmic feeding. A, bottom panel. When food is presented only during the day, the phase of the SCN does not change, but the phases of feeding behavior and peripheral oscillators
shift to the new phase (ZT6). Signals from the periphery to the brain are altered in phase. B. In parallel to effects on central and peripheral oscillators, the light-dark cycle and feeding
schedules also modulate locomotor activity and FAA. This is seen in a schematic actogram on the right of a rodent showing nocturnal activity in ad lib conditions, and FAA in
anticipation of diurnal food presentation during restricted feeding (RF). Upon restoration of ad libitum feeding, nocturnal activity resumes. Recovery of FAA is seen during the
subsequent period of food deprivation (FD). The actogram is plotted on a 48 h scale for ease of visualization; black bars represent periods of activity, and the light-dark cycle is

illustrated at the top. See online version for color.
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represent a simple precursor of brain dependent higher functions.
Anticipating and recalling events are two such functions.”

In the study that accompanied these musings, the authors showed
that plasmodia of the true slime mold Physarum could anticipate the
timing of periodic events (Fig. 3). They reduced their speed of
movement (they crawl across agar surfaces at ~1cm/h) when
exposed to three periodic pulses of adverse conditions at constant
intervals (30-90 min). When the plasmodia were subsequently
subjected to favorable conditions, they spontaneously reduced their
locomotive speed at the time when the next unfavorable episode
would have occurred. This implied the anticipation of impending
environmental change and implies that simple dynamics might be
sufficient to explain its emergence. With this idea in mind, we can
revisit the conceptual requirements for FEOs that might constrain and
delineate the search for mechanisms mediating FAA.

2.3. Circadian oscillation in the absence of genes, transcription,
translation

While transcription clearly plays a pivotal role in maintaining
circadian clocks, over the years, there have been many phenomena
indicating that circadian rhythms can occur in animals and in
individual cells in the absence of transcription. Some organisms,
including yeast and Caenorhabditis elegans have clocks but seem to
lack “clock” genes. During cell division, transcriptional activity shuts
down, but the clock resumes afterwards without resetting (reviewed
in [49]).

To understand the relevance of such findings to the problem of
food anticipation and FEOs, consider the behavior of animals bearing
mutations in core clock genes, such that they no longer show circadian
rhythms in locomotor activity. The question is whether a functioning
genetic clock is necessary for FEOs. In the first of such studies of clock
mutant animals, we reported that food-entrained circadian rhythms
are sustained in arrhythmic Clk/Clk mutant mice [50] (Fig. 4). The Clk
mutation is a dominant negative that dimerizes with other clock
genes and binds DNA normally, but does not initiate transcription
[51,52]. Furthermore, Clk/Clk mutant mice exhibit FAA, even though at
the same time, their circadian locomotor behavior is arrhythmic
(Fig. 4). As in wildtype controls, FAA in Clk/Clk mutants persists after
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temporal feeding cues are removed for several cycles, indicating that
the FEO is a circadian timer. We noted that “This is the first
demonstration that the Clock gene is not necessary for the expression
of a circadian, food-entrained behavior and suggests that the FEO is
mediated by a molecular mechanism distinct from that of the SCN”
(emphasis added). While the idea had experimental support, there
seemed to be no plausible way to pursue such a hypothesis at the time
of the study. Numerous other studies of mice bearing mutations in the
clock genes and proteins and clock controlled genes have been done
since that initial work (reviewed in [25]). We also note that clock
mutants have no difficulty anticipating feeding at much shorter
intervals between opportunities [53]. The weight of evidence in-
dicates that food anticipation can continue in clock mutant animals
and in the absence of a functional circadian clock.

The breakthrough that may enable examination of how circadian
timing in mammals can persist even when clock genes are not
transcribed into RNA has now been reported [8,9]. Such mechanisms
had been described previously in cyanobacteria, but until this year,
they were thought to be restricted to bacteria [54]. Human red blood
cells (RBC's) lack a nucleus and therefore have no genes to transcribe.
RBC's have antioxidant proteins called peroxiredoxins that control
levels of reactive oxygen species (ROS). Pairs of peroxiredoxin
proteins bind and separate with a circadian rhythm. This cycle can
be entrained to temperature cycles, is maintained in constant
conditions and is temperature compensated (period is unchanged
regardless of temperature). ATP levels in red blood cells are also
rhythmic, suggesting a relationship to metabolic pathways. Cells from
mice with mutated clock genes have altered peroxiredoxin rhythms,
and conversely, cell lines in which expression of peroxiredoxins is
disrupted have distorted circadian rhythms. These studies provide key
evidence that the genetic and metabolic clock regulators interact
(Fig. 5). Given that these proteins are highly conserved across major
phylogenic kingdoms (eukaryotes, archaea, and bacteria), they may
be poised to play a fundamental role in regulating circadian clocks.

2.4. Anticipatory responses in peripheral cells

Peripheral cells and organs can anticipate periodic events. A
change in the time of feeding can reset the phase of peripheral
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Fig. 3. When slime molds were subjected to unfavorable conditions, they slowed their movements. When subsequently subjected to favorable conditions, they spontaneously
reduced their locomotive speed at the time when the next unfavorable episode would have occurred. This implies anticipation of impending environmental change. The graphs show
the average speed (a) and occurrence of slowdowns (b). Points S1-54 indicate the times of the real stimulations, whereas points C1-C7 indicate the times of the virtual stimulations.
Reprinted with permission from Saigusa T, Tero A, Nakagaki T, Kuramoto Y. Physical Review Letters 100:018101. ©2008 by the American Physical Society.
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Fig. 4. Left panel. Double-plotted actogram depicts wheel-running of an arrhythmic Clk/Clk mutant mouse when housed in constant darkness (DD). Right panel. Even though the
animal is arrhythmic in DD, Clk/Clk animals, like their wild type counterparts show FAA under food restricted (FR) conditions. Note that a light:dark (LD) cycle does not affect the
percent of days in which FAA is observed in Clk/Clk animals, but reduces FAA in wildtype mice compared to DD. From Pitts S, Perone E, Silver R (2003) Food-entrained circadian
rhythms are sustained in arrhythmic Clk/Clk mutant mice. American Journal of Physiology. 285:R57-67. Am Physiol Soc, used with permission.

oscillators in the stomach, liver, kidney, pancreas and heart [4,55,56].
Our studies of ghrelin point to the kind of information that we can
glean by regulating the time of food access. Ghrelin is a hormone
secreted primarily by the stomach and small intestine. Plasma levels
of ghrelin fluctuate diurnally, with a peak in the day and a trough at
night in rats [57] and superimposed on a diurnal rhythm are smaller
acute peaks that anticipate meals. Ghrelin's physiological role as a
stimulant of food intake has been extensively studied [58-60]. It is
released in anticipation of meals, and exogenous administration
increases hunger and meal size. Because of the periodic ghrelin peaks
that precede meals and the presence of ghrelin receptors in the brain,
we investigated the role of ghrelin in regulating food anticipatory
activity [55]. Ghrelin cells of the oxyntic glands of the stomach contain
clock genes, and both ghrelin content and clock gene expression are

~ Genetic
oscillator

‘ Transcription— ]

rhythmic. Importantly, the phase of rhythmic expression is controlled
by feeding time rather than by the light-dark cycle (Fig. 6). Data from
ghrelin receptor knockout mice supports a role for ghrelin in
communicating food availability timing to the brain. The anticipatory
wheel running activity in these animals is attenuated under a food
restriction paradigm; they also begin their food anticipatory activity
later than do wild type animals of the same strain (Fig. 6). The rhythm
in stomach ghrelin content is abolished in clock deficient (mPER1-
mPER2 mutant) mice, demonstrating the importance of clock genes in
the regulation of ghrelin content, and presumably its secretion, in the
gastric oxyntic cells [55]. Ghrelin's orexigenic effects may be due to
increased gastrointestinal mobility and decreased insulin secretion
[61]. Most studies indicates that ghrelin is greatly reduced in patients
with bariatric surgery compared to those who are lean, normal
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Fig. 5. Cartoon depicts two coupled circadian oscillators, genetic and metabolic, that maintain synchrony between the light-dark environment and internal biochemical processes.
The metabolic oscillator is a cycle of oxidation and reduction of peroxiredoxin enzymes. The two oscillator types both drive rhythmic outputs in synchrony with Earth's rotation. ROS,
reactive oxygen species. Reprinted with permission from Macmillan Publishers Ltd: Nature, Bass and Takahashi, Circadian rhythms: redox redux, ©2011.
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Fig. 6. Circadian rhythms of ghrelin and clock gene expressions in oxyntic cells. A, Top left. Image of the mouse stomach, indicating the corpus region where tissue was harvested
(upper panel, scale bar =500 um). Bottom left. Photomicrograph of a cross section of the stomach wall (lower panel, scale bar =100 um). Right panels: Photomicrographs of the
stomach oxyntic gland stained for ghrelin, PER1 (upper panel) or PER2 (lower panel) and the overlay in optical sections (z axis =2 pm, scale bar = 10 pm). See online version for
color. B. The time of food availability determines the phase of ghrelin and, PER1 and PER2 rhythms. The schematic shows the 12:12 LD cycle and the time of food availability. The
graphs show level of oxyntic cells expression of ghrelin, PER1 and PER2 respectively for animals fed at either ZT12-18 (black) or ZT6-12 (gray). *p<0.01. C. Group activity profiles
show amount of wheel running during the last 7 days of restricted feeding in GHSR+/+ (black) and GHSR —/— mice (gray). The data are plotted in 10 min bins (mean 4 SEM).
**p=0.002, difference between GHSR+/+ and GHSR—/— in onset time of activity. D. Comparison of ghrelin levels in wild type and mPer1, mPer2 clock mutant animals lacking
circadian rhythms. Number of oxyntic cells expressing ghrelin in animals housed in LD and then placed in DD for 2 days and either fed ad libitum (left panels) or food deprived 24 h
(middle panels) or during food restriction (right panels). Wild type animals are shown in upper panels and mPer1, mPer2 animals in bottom panels. *p<0.05, **p<0.01.

Adapted from [55].

weight, overweight, or obese [62]. While we have focused here on While the circadian oscillations of oxyntic cells and their secretory
ghrelin, timing mechanisms can engage a multitude of bodily product are interesting, many other peripheral factors produced by
oscillators to regulate food anticipation. cells and tissues bearing circadian oscillators contribute food-derived
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signals that influence food anticipation and eating behavior. The
circadian rhythm of adrenal corticoid secretion is a well studied
example of control by oscillators both centrally in the SCN and
peripherally in the adrenal (summarized in [63]). The SCN activates
rhythmic release of corticotrophin-releasing hormone from the
paraventricular nucleus (PVN) that evokes circadian adrenocortico-
tropin hormone (ACTH) release from hypophyseal adrenocortico-
trophs [64]. ACTH, in turn, regulates circadian corticoid release from
the adrenal cortex. Neuronal signals generated by the SCN propagate
through the autonomic nervous system to the adrenal cortex to
contribute to the circadian regulation of glucocorticoid production
[65]. The adrenal cortex exhibits a daily rhythm in sensitivity to ACTH
as measured by corticosterone secretion [66]. Adrenal corticosterone
levels are rhythmic and peak before dark onset, in anticipation of
feeding [67]. Animals with food available in the daytime show a phase
advance in corticoid peak levels to the pre-feeding time [67,68].
Corticosterone in turn has a stimulatory effect on food intake, and in
the presence of insulin, on preference for fat intake [69].

Other examples of peripheral oscillators include apolipoprotein
A-IV (apo A-IV) and insulin. Apo A-IV, synthesized by both the
intestine and liver in rodents [70], has a circadian pattern of release
with secretion increasing just before feeding at dark onset and
peaking midway through the dark period [71]. Intestinal release of
apo A-1V is controlled by the timing of meals, with levels increasing
before meal onset. Insulin concentration fluctuates diurnally in rats
[72]. Insulin levels increase during the meal [72], although there is
also a fast insulin response to food presentation known as the cephalic
phase [73-75].

2.5. Interaction between photic and food-related cues in FAA

Important in the present context is the fact that light and food
differ in their effects on peripheral vs. central oscillators. The circadian
phases of clock genes in peripheral tissues are mainly dominated by
food cues [4,56,76], though simultaneously shifting the feeding
schedule and the light:dark cycle markedly enhances the feeding-
induced resetting of peripheral clocks [77]. Another indication that
daily activity is regulated by signals related to both food and light,
perhaps additively, is seen in records of wheel-running prior to and
following imposition of restricted food availability. The amount of
activity stays approximately constant, but during food restriction, a
portion is shifted to the daytime interval associated with food
anticipation (Fig. 7). Though they have been constrained by the
absence of evidence on the nature of FEOs, numerous strategies have
been applied to the exploring interactions between light and food
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entrained oscillators. In one study of intact rats, food access was
scheduled at different phases of the LD cycle [78]. Both food and light
provided entraining signals, and coupling was assessed by removal of
one Zeitgeber (time giver, synchronizing cue), or by phase shifting of
one Zeitgeber and removing the other, or by phase shifting both
Zeitgebers, and measuring phase displacements and changes in the
period of activity rhythms. The results supported the idea of internal
coupling, albeit asymmetric, between separate food- and light-
entrained circadian pacemaking systems. Subsequent work supports
this general view. When food is available ad libitum, animals are
entrained to the LD cycle. When all photic cues are removed, in
constant darkness, the FEO predominates, and behavior is entrained
to the time of feeding [79,80].

While the evidence supports an interaction of two kinds of
oscillators in regulating activity rhythms, disentangling the contribu-
tions of LEO and FEO, and sorting out direct and indirect effects on
activity of the separate Zeitgebers of light and food is difficult. Light can
alter the output measure indirectly, by altering the amount of activity.
Increased light intensity inhibits activity in nocturnal animals, a
process termed masking [81]. As such, the light intensity during
activity recording can affect the amplitude of the underlying response
[25]. For example, constant light can make wildtype mice arrhythmic,
but paradoxically can enhance apparent rhythmicity in genetically
arrhythmic mice [82]. Conversely, change in food alters behavioral
rhythmicity: food and water restriction rescues activity rhythms in
animals rendered arrhythmic by constant light [83]. Another
confound rests on the fact that the amount of wheel running can
alter the energetics of the animal and therefore hunger signals and
circulating metabolic markers. The discovery of peroxiredoxin
rhythms and their possible use as markers for FEOs may help to
disentangle these parameters.

3. Summary

Individuals detect changes in internal and external signals that
occur as a consequence of the brain and body preparing for an
impending meal, and interpret those changes as “hunger.” These
responses are based on dynamic brain-body interactions.

Signals that reliably precede food organize behavioral and
physiological responses that prepare the animal for food seeking,
procurement, consumption and ultimately for the extraction of
energy following ingestion. We now have new opportunities to
study the mechanisms whereby metabolic, circadian and photic
factors interact. It is an open question as to whether there is a single
common pathway for output modulated by all signals.
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Fig. 7. Left. Wheel running activity of a mouse in a light:dark cycle fed ad libitum and then given access to food for 6 h/day (record is double-plotted). Time of food availability
indicated by gray shading. Following food restriction, the distribution of activity changes. Right. There is no significant difference in the amount of daily activity when mice are shifted
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