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Abstract 

Circadian food anticipatory activity (FAA) has been modeled as the output of a dual 

food-entrainable oscillator (FEO) system, based on reports that rats can anticipate two 

but not three daily meals, and two meals recurring at different circadian intervals. Using 

operant responding to measure FAA, we found that rats can anticipate at least four daily 

meals, that the anticipation rhythm persists during food deprivation, and that the master 

light-entrainable circadian pacemaker in the suprachiasmatic nucleus (SCN) is not 

required. Intact and SCN-lesioned rats could also anticipate 2 daily meals recurring at 

24-hour and 26-hour intervals. Critically the two bouts of FAA persisted with ~24- and 

~26-hour periodicities during food deprivation tests. These findings are consistent with a 

multiple circadian FEO model of food anticipation. A circadian FEO model is challenged 

by limited evidence that rats can anticipate meals scheduled at long (e.g., 16-hour) but 

non-circadian intervals, suggesting a ‘universal timing system’ that is not constrained to 

circadian intervals. At many of these intervals, however, meals occur at a few circadian 

phases every two or three cycles. Apparent non-circadian anticipation could therefore be 

based on entrainment of multiple circadian FEOs. We found that rats can anticipate 

meals recurring at 16-hour, and possibly 18-hour intervals, but do so by becoming active 

at each of three or four possible daily mealtimes, respectively, rather than every 16 or 18 

hours. Anticipation of circadian feeding intervals does not require the SCN, but 

anticipation of food on fixed-interval reinforcement schedules in the seconds-to-minutes 

range has been reported to be disrupted in mice housed in constant light (LL), which 

damps SCN rhythms. To determine whether LL-induced circadian desynchrony has a 

similar effect in rats, we tested 15- and 30-second interval timing in rats housed in LL. 

We found no evidence for a similar disruption of short interval timing. These results 

confirm and extend the evidence that timing of short (seconds to minutes) and circadian 

intervals rely on formally and neuroanatomically distinct mechanisms, and that timing of 

intermediate (e.g., 4-, 6-, 12-, 16-, 18-hour) and circadian intervals relies on a system of 

circadian oscillators entrainable by food. 

Keywords:  circadian; food anticipatory activity; food entrainable oscillator; interval 

timing; biological rhythms  
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Chapter 1.  
General Introduction 

1.1. Introduction 

The rising and setting of the sun is one of the most temporally predictable 

recurring environmental events on the planet. It is, therefore, no surprise that daily 

rhythms in behavior and physiology are found in almost all living organisms, from single-

cell bacteria to humans. These circadian rhythms (from the Latin circa, about and dies, 

day) are controlled by an internal time-keeping system endogenous to most organisms. 

Circadian rhythms likely evolved early in the history of life, possibly to protect cellular 

processes, such as DNA replication, from the damaging effects of ultraviolet light during 

the day. Their adaptive value in synchronizing an organism’s cellular and behavioral 

activities with the outside world led to their incorporation into the physiology of nearly 

every organism on the planet. By internalizing the mechanism for rhythmicity, organisms 

gain the ability to anticipate and prepare in advance for predictable daily environmental 

changes, rather than merely reacting to them. 

1.2. History and Terminology of Chronobiology 

1.2.1. Pre-20th Century and discovery of daily rhythms 

The first observations of rhythmic events in living species come from descriptions 

of leaf movements from ~2300 years ago. In the 4th Century BCE, Alexander the Great’s 

scribes noted daily leaf and petal movements in various plant species, and the Greek 

naturalist Androsthenes reported on the daily rhythms of the opening and closing of the 

leaves of the tamarind tree (discussed in Moore-Ede et al., 1982). These daily rhythms, 

however, were interpreted as innate or acquired responses to various environmental 

stimuli that vary by time of day, such as light, temperature, and humidity. It was not until 

much later for the first suggestions that these rhythmic movements might be something 

more than mere reactions to external stimuli. In 1729 French astronomer Jean Jacques 

Ortous de Mairan developed an interest in the leaf movements of the light-sensitive 

plant, Mimosa pudica. de Mairan conducted the first known experiment in chronobiology 

by placing the Mimosa plants in conditions of complete darkness without cyclic 
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environmental information (constant conditions). de Mairan noted that despite the 

absence of external stimuli, the daily rhythm of leaf movements continued unabated (de 

Mairan, 1729). While de Mairan did not suggest the existence of an internal clock, his 

was the first scientific experiment to demonstrate the persistence of a rhythm in constant 

darkness. Thirty years later, French botanist Duhamel du Monceau expanded upon de 

Mairen’s experiment and further ruled out temperature and humidity cues in these 

rhythmic leaf movements. In 1832 Swiss botanist Augustin de Candolle discovered that 

not only did these rhythms persist in constant environmental conditions, but they did so 

with a rhythm somewhat shorter than 24 hours, with plants opening their leaves an hour 

or two earlier each day. In other words, without external environmental influence these 

rhythms ‘free-ran’ with a period of ~22 hours. de Candolle further showed that the timing 

of the rhythm could be inverted through manipulation of the light-dark cycle. Persistence 

of these rhythms at a periodicity other than 24 hours was taken as a strong indication 

that these rhythms were generated by a timing mechanism endogenous to the organism 

and were not reactions to a daily rhythm of some uncontrolled factor. Responses to 

changes in the light-dark cycle suggested that while the rhythm itself was not generated 

by the light cycle, its timing was determined by it (discussed in McClung, 2006). 

1.2.2. Chronobiology in the 20th Century 

A milestone in the history of the study of biological clocks was a chance 

observation, by the early 20th-century Swiss naturalist August Forel, that after several 

mornings of breakfasting on the terrace of his summer home in the Swiss Alps, worker 

bees from a nearby hive began to appear before the food was served. When breakfasts 

were moved inside for several days, the bees continued to show up at the terrace at the 

appropriate time in search of food, suggesting that they were not being drawn to the 

terrace by the sight or odor of the food. Forel reasoned that the bees must have formed 

a memory for time or, in his native German, Zeitgedachnis (Renner, 1960). 

These observations, along with earlier observations from von Buttel-Reepen that 

bees only ever visited buckwheat fields in the morning hours when the blossoms 

secreted nectar (von Buttel-Reepen deemed this Zeitsinn, or time-sense), led Ingeborg 

Beling in 1929 to carry out the first proper study of Zeitgedachnis in honeybees. Beling 

marked the bees individually and offered them a sugar solution at a particular location, at 

a particular time of day, for several days. Crucially, on the test day, the customary sugar 
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solution was not presented and the time of arrival for each bee was documented. The 

bees arrived at the location at the proper time in almost every case and could do so 

regardless of the time of day at which they were trained. External environmental cues 

were ruled out by replicating the experiment 180 meters below the ground in the gallery 

of a salt mine, and a 24-hour basis was confirmed by finding that, even after weeks of 

training, it was not possible for the bees to learn if food was presented every 19- or 48-

hours (discussed in Moore, 2001). 

Firmer evidence that bees were relying on an internal circadian clock came a 

couple of decades later when Max Renner trained bees to collect sugar water in a 

closed room in his laboratory in Paris at 8:15pm French Daylight Time every evening. 

The bees were then transported overnight to New York City where they were placed in a 

similar laboratory environment. The next day, now in New York, the bees once again 

approached the location within the room where the sugar water had previously been 

presented. They did so, however, at 3:15pm Eastern Daylight Time, or 8:15pm French 

Daylight Time; that is, 24 hours after their last feeding in Paris. The reciprocal 

experiment (trained in New York and flown to Paris) had analogous results. These 

studies provided strong evidence that Zeitgedachnis in bees relied on an endogenous 

timing mechanism rather than external environmental cues (Renner, 1960). 

Further progress in the exploration of circadian rhythms was made in the early 

20th Century as 24-hour rhythms were noted in the swimming activity of goldfish 

(Szymanski, 1914), motor activity in the larvae of the amphibian axolotl (Kalmus, 1940), 

rat wheel-running activity (Richter, 1922), spontaneous activity in white-footed mice 

(Johnson, 1926), and rectal temperature in the rhesus macaque (Simpson & Galbraith, 

1906), all of which occurred even under constant lighting conditions and appeared to be 

responsive to changes in the light-dark cycle. 

One of the earliest researchers to understand the importance of these rhythms 

and who helped to lay the foundations of future chronobiological research was the 

biologist and botanist Erwin Bunning. Bunning was the first to demonstrate the 

inheritance of circadian rhythms by showing that plants and insects continued to display 

circadian rhythms after one or two generations of being raised in constant environmental 

conditions. Furthermore, by crossing bean plants with differing endogenous periods, he 

found that the ensuing generation wound up with periods intermediate in length 
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compared to the parents. These findings strongly supported the argument that circadian 

rhythms were innate and endogenous to the organism, and not a learned response. 

Bunning also realized the importance of circadian clocks in the ability for organisms to 

measure daylength (i.e., photoperiodism), which is the basis for annual rhythmicity in 

many species. Despite these findings, the scientific community largely either ignored the 

ever-increasing evidence for circadian clocks or remained skeptical of their endogeneity 

(discussed in Moore-Ede et al., 1982). 

1.2.3. Modern Chronobiology 

The 1950s provided much of the foundation for the study of biological rhythms, 

as researchers from multiple disciplines, studying a variety of organisms, made ground-

breaking discoveries. More importantly, these researchers began to realize the ways in 

which their disparate findings could be understood under a single theoretical framework. 

During this time, two researchers, Colin Pittendrigh and Jurgen Aschoff, would emerge 

as the driving forces behind the emergence of a new unified field of chronobiology. 

Colin Pittendrigh began to understand the significance of biological rhythms while 

studying mosquito behavior as a malarial biologist in Trinidad during World War II. He 

then turned his attention to the fruit fly, Drosophila, and demonstrated that the eclosion 

rhythm in this species persists in constant conditions, is synchronized by changes in the 

light-dark cycle, and is relatively unaffected by changes in temperature. Pittendrigh’s 

findings would come to define the criteria by which biological clocks are identified and 

provided much of the framework for how biological rhythms would be understood 

(Pittendrigh, 1993). 

Jurgen Aschoff, a German medical doctor and thermophysiologist, contributed to 

our understanding of the physiological mechanisms underlying circadian rhythms in 

birds, mammals, and humans. In fact, Aschoff was the first to demonstrate that, in the 

absence of environmental time cues, human’s endogenous clock free runs with a 

periodicity of slightly longer than 24 hours (Aschoff & Wever, 1962). His experimental 

and theoretical work in the 1950s and 1960s laid the basis for viewing circadian rhythms 

as the product of endogenous oscillators whose functional significance comes from 

maintaining a constant phase relationship with the light-dark cycle. 
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In 1960, these two researchers planned and held what has come to be 

considered a key event in the history of the field: the Cold Spring Harbor Symposium on 

Biological Clocks. At this meeting, nearly 150 biologists, mathematicians, other 

researchers, and students from around the world gathered to discuss biological clocks. 

Many major contributors to the study of circadian clocks presented research at this 

meeting: Erwin Bunning, Max Renner, and Curt Richter (discussed above); Franz 

Halberg, a medical doctor and physiologist who made significant contributions to the 

understanding of circadian rhythms of various physiological functions in humans and 

coined the term ‘circadian’; Patricia DeCoursey, who conducted the first systematically 

detailed studies of the effects of light on the phases of circadian rhythms in a nocturnal 

mammal; Woody Hastings, who discovered bioluminescence rhythms in the unicellular 

dinoflagellate Gonyaulax; along with many others. It was at this meeting that the 

foundations were laid for what would become the field of chronobiology (Daan, 2010). 

1.2.4. Terminology 

The founders of the science of chronobiology noted that the rhythmic nature of 

timing in organisms had many of the same features of physical oscillators, such as 

pendulums. Consequently, they adopted the terminology employed by physicists and 

mathematicians to describe oscillatory processes (see Figure 1.1). For example, a 

rhythm is defined as any process that repeats itself at regular intervals. Any rhythm can 

be described by two parameters: its ‘period’ (often denoted by the Greek symbol ), 

which is the duration of one complete cycle, and its ‘amplitude’, or the range of values 

that a rhythm exhibits across the cycle, expressed as the difference between the 

maximum value and the mean, or the maximum and minimum values. Another 

particularly useful concept is that of ‘phase’ (denoted by the Greek letter ), which refers 

to any discrete point or range of points within a cycle. A readily observable marker of 

phase (such as daily wake-up time) can be used as though it were the hand of the clock, 

giving an indication of the internal state of the clock relative to the outside environment. 

If a circadian rhythm is modeled as a sine wave, then the peak value is the acrophase, 

the trough is the bathyphase, and the amount of time between successive acrophases is 

the period. 
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Figure 1.1. Sine wave illustrating the terminology utilized by chronobiologists 

 
Sine wave representing the output of a rhythmic process, labeled according to conventional 
terminology in the field of circadian biology. Rhythm period is the duration of the complete cycle 
(often denoted by the Greek letter ). Amplitude is the difference between the maximum and the 
mean value. Range is the difference between the maximum and minimum values. A Zeitgeber is 
any periodic stimulus that can entrain the rhythm. Zeitgeber Time (ZT) is plotted in hours, where 
ZT0 corresponds to lights-on, by convention. 

A device that produces a rhythm is called an ‘oscillator’. A circadian system can 

be composed of multiple oscillators in which the output signal from one oscillator 

influences the properties of other oscillators. While oscillators control only one rhythm, or 

the rhythms of a few local functions, ‘pacemakers’ coordinate the timing of multiple 

oscillators, ultimately determining the long-term periodicity of the observable rhythm. 

Oscillators that are under the direct control of the pacemaker are deemed ‘slave’ 

oscillators. These oscillators do not necessarily need to be self-sustaining and may 

rapidly dampen when uncoupled from the pacemaker. Importantly, any particular slave 

oscillator can couple with the pacemaker at its own unique phase relationship. It is only 

when an oscillator is synchronized to the external environment, and thus able to tell time, 

that it can be called a clock. 

1.3. Evolution and Adaptive Significance 

True endogenous circadian rhythms have been observed in every kingdom and 

phyla of life on Earth, including some prokaryotes (such as various species of 

cyanobacteria) and even the simplest eukaryotes (such as blue-green algae). This has 

been taken as evidence that circadian clocks evolved very early in the history of life on 

earth (Loudon, 2012). While all clocks studied to date share the same basic schema - 
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autoregulatory transcriptional oscillators based on the principle of negative feedback - 

the fact that the molecular mechanisms underlying these clocks differ dramatically 

between some species suggests that the mechanisms producing these rhythms evolved 

multiple times (discussed in Dunlap et al., 2004). 

One hypothesis for the early appearance of circadian rhythmicity was a need for 

early life to shield certain biochemical processes from damaging UV radiation. While 

daytime photosynthesis was of essential importance, early life also had to worry about 

the mutation causing effects of the intense ultraviolet light in the time prior to the 

formation of the ozone layer. To mitigate this damage, photosynthetic processes were 

temporally segregated from replication, with replication occurring only during the night 

when the risk of UV damage was minimal (Loudon, 2012). 

A second hypothesis regarding the evolution of circadian rhythmicity was a need 

for early life to temporally segregate various incompatible biochemical processes. 

Cyanobacteria, for example, exhibit daily rhythms of nitrogen fixation and photosynthesis 

that are in antiphase (i.e., photosynthesis occurs during the day, nitrogen fixation at 

night). Photosynthesis releases oxygen, which inactivates the nitrogen-fixing enzyme 

nitrogenase. These processes must therefore be separated either temporally or spatially 

(Mohr et al., 2013). In simple organisms lacking spatial barriers, circadian programming 

can achieve this necessary temporal segregation (Bhadra et al., 2017). 

These two hypotheses regarding the evolutionary origins of endogenous 

circadian rhythms emphasize two important functions of circadian clocks: coordination of 

the organism with the outside world, and coordination of internal biochemical and 

physiological processes. 

Behavioral complexity adds additional ways in which organisms can utilize the 

circadian timing system. For most animals it is critical to coordinate daily activity or 

developmental stages with the external environment. Just as organisms are specialized 

for particular spatial niches, so too are they specialized for particular temporal niches. 

Many primates have evolved exquisite color vision enabling them to find ripened fruit 

more readily, however this visual adaptation works only in daylight. The temporal niche 

of a species is typically defined as the time of day when the majority of its locomotor 

behavior is displayed. These include nocturnal (night-active), diurnal (day-active), 
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crepuscular (dawn and dusk active), and cathemeral (active during both day and night) 

niches. Utilizing an internal clock to regulate rest-activity cycles allows for physiological 

changes to begin in anticipation of daily changes between day and night, ensuring that 

the organism is fully prepared for activity or rest at the correct time. 

1.4. Fundamental Properties of Circadian Rhythms 

1.4.1. Endogenous basis 

A defining feature of circadian rhythms is that they are endogenously generated. 

The most compelling evidence for this is their ability to persist, or ‘free run’, when the 

animal is placed in ‘constant conditions’, i.e., the absence of 24-hour periodic stimuli. In 

constant conditions the periodicity of the persisting rhythm is generally close to, but 

rarely exactly, 24 hours (hence the term ‘circadian’). Consequently, free-running 

circadian rhythms gradually drift out of normal alignment with the outside world, ruling 

out the possibility that they are the product of daily cues of unknown origin. 

1.4.2. Entrainment 

Given that circadian rhythms free run with periodicities close to, but not exactly, 

24 hours, a mechanism must have evolved by which they could be synchronized to the 

external environment. Indeed, without a way of establishing a stable phase relationship 

to the solar day circadian rhythms would be maladaptive, as over the course of the 

organism’s lifespan its rhythms would eventually drift out of optimal alignment with the 

environment. 

Synchronization of circadian rhythms to the 24-hour light-dark (LD) cycle occurs 

via a process called ‘entrainment’, defined as phase and period control of one oscillator 

by a periodic stimulus. It is through this active process that the mechanism driving 

circadian rhythms is transformed from an oscillator into a bona fide clock that matches 

and is therefore predictive of environmental time. While the specifics of entrainment vary 

from species to species, the basic logic of entrainment remains consistent with every 

circadian organism studied thus far. 
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The process of entrainment has been explained in two ways, parametric and 

non-parametric entrainment models. In non-parametric models of entrainment, the 

circadian clock is reset, or ‘phase shifted’, by external time cues (‘zeitgebers’; from the 

German, ‘time-givers’), which shift the temporal relationship between the timing of the 

cue and the phase of the endogenous rhythm. The magnitude and direction of the phase 

shift depend on both the timing and the physical magnitude (e.g., intensity or duration) of 

the zeitgeber. Light acts as a near universal zeitgeber for circadian rhythms displayed by 

most organisms, from cyanobacteria to mammals. The mechanisms by which circadian 

rhythms are entrained to the 24-hour LD cycle has been investigated by exposing 

animals to brief pulses of light during prolonged recordings in constant darkness 

(DeCoursey, 1960b, 1960a). Light exposure early in the subjective night (the portion of 

the circadian cycle when the animal behaves as though it were night) resets the clock 

back to an earlier phase (a phase delay; see Figure 1.2a) and exposure late in the 

subjective night pushes the clock ahead to a later phase (a phase advance; see Figure 

1.2b). 

Figure 1.2. Entrainment by light: phase shifts and the phase response curve 

 
How light entrains circadian rhythms. Panels A and B represent the circadian wheel running 
rhythms of Syrian hamsters maintained in constant dark. Each line represents 24h of recording, 
and consecutive days are aligned vertically. The black bars indicate wheel running, and the blank 
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sections indicate rest. These graphs show that wheel running is concentrated into one major bout 
each day, and that this bout begins a few minutes earlier each day (the periodicity is ‘circadian’). 
The single yellow star on each chart represents a 30 minute light exposure. In panel A, the light 
pulse occurred late in the active phase, and activity onset occurred earlier than usual the next 
day, defining a phase advance shift. In Panel B, the light pulse occurred at the beginning of the 
daily active phase, and caused the onset of activity to occur later than usual the next day, 
defining a phase delay shift. Panel C illustrates the results of many such light exposures, 
summarized in a phase response curve in which the size and direction of the phase shift are 
plotted according to the circadian time of the light exposure. Circadian hours 0-12 represent the 
biological day, and hours 12-24 the biological night. Light early in the biological night induces 
phase delays, while light later in the biological night induces phase advances. Panel D shows that 
circadian rhythms can be entrained by 2 daily light pulses (the thin opaque vertical bars), 
simulating dawn and dusk. With one daily light pulse, the rhythm gradually begins to delay a small 
amount. Panels E and F illustrate the effects of phase shifting the LD cycle by 8h either forward 
(E, an advance) or backward (F, a delay). The circadian rhythm gradually advances or delays 
taking about 8-10 days to re-entrain. 

Therefore, the response of circadian clocks to light exposure depends on the 

circadian phase at which it occurs. This can be represented by a “phase-response 

curve,” which plots the size and direction of phase shifts induced by light exposure at 

different points within the circadian cycle (Figure 1.2c). Under a natural photoperiod, 

phase shifts at dawn or dusk precisely compensate for the difference between the free-

running period of the circadian rhythm and the period of the LD cycle. A rhythm with a 

period of less than 24 hours will naturally advance each day relative to the solar day but 

is prevented from doing so because exposure to evening light will cause a daily phase 

delay. A rhythm with a longer than 24-hour period will naturally delay relative to the solar 

day, but this is prevented by morning light which induces a daily phase advance. The 

bidirectionality of the phase shift response ensures that the rhythm is locked into a stable 

phase relationship with the solar day, regardless of whether it runs fast or slow relative 

to 24 hours. This mechanism can produce stable entrainment, even if there is only one 

or two daily light pulses simulating dawn and/or dusk (Figure 1.2d). 

Phase shifts in response to light typically exhibit a maximum size, on the order of 

a few hours, depending on light intensity and duration. As a result, entrainment is 

restricted to LD cycles with periods that are within an hour or two of 24 hours. If an 

animal is placed into a LD cycle that is beyond these limits to entrainment, its circadian 

rhythm will either free run through the cycle or show ‘relative coordination’, as it 

attempts, but fails, to entrain. These limits in the capacity for phase shifts also explain 

the gradual resynchronization of activity rhythms following a sudden dramatic shift in the 

LD cycle, such as is encountered following rapid, long-distance travel (i.e., jetlag; Figure 

1.2e & f). 
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Another way that light acts to synchronize the clock is through what is referred to 

as ‘parametric’ or ‘continuous’ entrainment. The continuous entrainment model 

developed by Aschoff was originally based on the observation that an organism’s free-

running period can be altered by altering the intensity of the lighting conditions in which it 

is housed. Increasing light intensity tends to shorten the period of diurnal species, while 

increasing the period of nocturnal species. This correlation has come to be called 

‘Aschoff’s rule’ (Aschoff, 1979). Parametric entrainment occurs through direct modulation 

of the free-running period of the organism, or tau. Light pulses in the early subjective 

night not only induce phase delays, as per the non-parametric model, but can also 

slightly lengthen tau. Conversely, light pulses in the late subjective night induce both 

phase advances and a shortening of tau. This natural plasticity in tau causes organisms 

with a tendency to free-run with a period less than 24 hours to slightly lengthen their 

circadian period, while those that free-run with a period that is greater than 24 hours 

would slightly shorten. As a result, over time tau would come to more closely resemble 

the period of the light cycle it is exposed to. Evidence for this comes from so-called after-

effects of entrainment to non-24-hour LD cycles. Animals released into constant lighting 

conditions following entrainment to a less than 24-hour LD cycle will display a much 

shorter free-running period, while they will display a longer free-running period following 

entrainment to LD cycles of less than 24 hours (Aschoff, 1960). 

In nature, entrainment likely occurs via a combination of parametric and non-

parametric effects of light on the clock, with the impact of each varying depending on the 

species in question. For example, while single light pulses every 1-3 days can nearly 

fully account for entrainment in many burrowing nocturnal mammals, such as the flying 

squirrel, (Decoursey, 1986), some animals, such as the European ground squirrel, never 

experience an LD transition at dawn or dusk, indicating much more complex entrainment 

processes in this species (Hut et al., 1999). 

Light is not the only stimulus that can act as a zeitgeber. Several ‘non-photic’ 

stimuli, including temperature, food intake, social cues, and behavioral arousal, are also 

capable of exerting influence on the clock, particularly when presented in the absence of 

a light-dark cycle. Whereas photic zeitgebers are most effective at times of day when the 

animal would not normally be exposed to light (i.e., the subjective night), in general, non-

photic cues exert their strongest effects at times when the animal would normally be 
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asleep (i.e., the subjective day for nocturnal rodents) (Webb et al., 2014). The 

importance of these non-photic zeitgebers varies by species and body tissue. 

1.4.3. Dual oscillator model 

There is considerable evidence that the master, light-entrainable circadian 

pacemaker in mammals (the suprachiasmatic nucleus, SCN) is composed of a 

population of coupled circadian oscillators. In a landmark set of articles, Pittendrigh and 

Daan (1976) proposed that the master clock operated as a ‘dual oscillator’ system, 

comprised of an ‘evening’ (E) oscillator (itself a population of coupled oscillators) and a 

‘morning’ (M) oscillator. Under normal conditions, the E and M oscillators are coupled to 

produce a unified, coherent, behavioral, and physiological output. The model proposes 

that when entrained to a natural photoperiod, the two oscillators couple with a phase 

relation such that one is primarily affected by morning light, while the other primarily by 

evening. However, under unusual conditions, such as constant bright light (for nocturnal 

animals) or constant dark (for some diurnal animals), the E and M oscillators can 

dissociate. In nocturnal hamsters, for example, long-term exposure to bright, constant 

light causes ‘splitting’ of their circadian activity rhythms into two components. These 

components typically free run with different periods for several cycles before stably 

coupling in antiphase. This split is reversible, as the two components rapidly 

reconsolidate when the animal is placed back into an LD cycle (Pittendrigh & Daan, 

1976b). Split activity rhythms may be explained by a dissociation between anatomic 

subdivisions of the light-entrained master pacemaker (De la Iglesia et al., 2000). Many of 

the predictions of the E and M oscillator model have not been confirmed empirically, but 

the model does illustrate how properties of circadian timekeeping can be accounted for 

by multiple, dissociable circadian oscillators. 

1.5. The Molecular Basis of the Circadian Clock 

A breakthrough in understanding the genetic basis of circadian clocks was made 

by Ronald Konopka and Seymore Benzer using a mutant screen of the fruit fly, 

Drosophila. Mutagenized flies were examined for altered phenotypes in circadian 

eclosion rhythms and locomotor activity. A mutation to a single locus resulted in three 

different phenotypes: a lengthening of circadian period, a shortening of circadian period, 



13 

and arrhythmia. The gene containing the locus of the mutations was dubbed the Period 

gene (Konopka & Benzer, 1971). In the 1980s, with the availability of new molecular 

tools, the Per gene was cloned, its protein product discovered, and the basic logic of the 

molecular basis of the feedback loop underlying circadian rhythmicity in Drosophila was 

elucidated (Hardin et al., 1990). 

The first single-gene mutation discovered that specifically affects the circadian 

clock of vertebrates, arose as a spontaneous mutation in a single Syrian hamster 

obtained from a commercial breeding facility. The Tau mutant hamster, as it came to be 

called, was spotted due to an unusually early onset of locomotor activity when housed in 

a standard LD cycle and an extraordinarily short free-running rhythm (~22 hours for the 

homozygotes) when housed in constant dark (Ralph & Menaker, 1988). This finding, 

along with the elucidation of the clock gene loop in Drosophila, provided the rationale for 

pursuing the first large-scale mutant screen in mice and the eventual description of 

mammalian circadian clock genes (Vitaterna et al., 1994). 

In mammals, circadian rhythms are generated at the cellular level by a complex 

autoregulatory transcriptional-translational feedback loop involving a set of ‘clock’ genes 

and their protein products (Figure 1.3). In the positive arm of this feedback loop, CLOCK 

and BMAL proteins dimerize and bind to the promoter regions of the negative elements 

of the loop, the Per and Cry genes, mediating their transcription. PER and CRY proteins 

accumulate and upon reaching a critical concentration enter back into the nucleus and 

block CLOCK:BMAL dimers from binding to the Per and Cry gene promoter regions, 

thereby inhibiting their own transcription. PER and CRY proteins are gradually degraded 

in the cytoplasm, freeing CLOCK and BMAL to activate the Per and Cry genes again, 

activating the next cycle. The articulation of the negative and positive elements of this 

system, their interactions with accessory loops, and several post-translational 

modifications set the period of the cycle to the circadian range, and enhance precision 

and amplitude (Ko & Takahashi, 2006). Some of these core clock genes regulate 

expression of other genes (“clock-controlled genes”), which in turn modulate expression 

of more genes such that a significant portion of the genome comes under clock control, 

thereby conferring circadian rhythmicity to a broad range of cellular functions. 
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Figure 1.3. Schematic representation of the cellular clock gene loop 

 
Schematic representation of the cellular clock gene loop. Briefly, the clock genes Clock and 
Bmal1 encode the proteins CLOCK and BMAL1, which dimerize and activate transcription of the 
genes Per and Cry. PER and CRY proteins dimerize, translocate from the cytoplasm to the 
nucleus, and suppress activation of the Per and Cry genes by blocking CLOCK and BMAL1. As 
PER and CRY proteins are degraded, suppression is eventually relieved, and transcription of Per 
and Cry is renewed, initiating the next cycle. Accessory loops and posttranslational modifications 
of clock proteins, stabilize and set the period of the cycle to approximately 24 hours. 

Despite the number of cycling genes, it is possible to break the circadian clock 

and eliminate circadian rhythms by removing just one clock gene, Bmal1. Mutations of 

other clock genes can alter the period of the circadian cycle, or in some combinations, 

either weaken or eliminate circadian rhythmicity. These represent remarkable examples 

of how striking behavioral phenotypes can be explained by changes in expression of just 

one or two genes. 

The discovery of a mechanism for circadian clocks, based on self-sustaining 

oscillations of gene transcription, which generalizes across phylogeny is one of the great 

accomplishments in molecular biology. However, the story is not yet complete, as 

circadian rhythms in at least some cell functions have recently been discovered in cells 
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that lack DNA (e.g., human red blood cells). The mechanism underpinning these 

rhythms remains an open question (Hoyle & O’Neill, 2015). 

1.6. Neural Basis of Circadian Rhythms in Mammals 

In mammals the circadian system is composed of a hierarchically organized, 

multi-oscillatory system, wherein every cell within the body has the clock gene 

machinery to act as a local oscillator. The ability to maintain 24-hour rhythms in gene 

expression appears to be a general property of nearly every tissue, organ, and cell 

throughout the brain and body. This raises interesting questions concerning how the 

circadian oscillations of clock cells are synchronized within and between tissues. Without 

a mechanism for intercellular synchrony, circadian oscillations at the cellular level would 

not translate into circadian oscillations at the tissue and organ level, and organ functions 

would be arrhythmic, rather than circadian. This problem was solved in part by the 

evolution of hierarchically structured circadian systems, in which one or more master 

circadian clocks (pacemakers) preside over many local circadian oscillators. 

1.6.1. The Pacemaker 

In mammals, the suprachiasmatic nucleus (SCN), a structure composed of 

~20,000 neurons located in the ventral hypothalamus, sits atop this hierarchy of 

oscillators (Figure 1.4a). While most other tissues in the brain and body are capable of 

oscillating, the SCN is unique in its ability to maintain oscillatory synchrony between its 

individual neurons even in the absence of any synchronizing signal. SCN neurons are 

coupled primarily via synaptic connections that enable it to produce a unified coherent 

output that is then communicated to the rest of the brain and body. 

The first indication that the SCN may be involved in photic entrainment was the 

finding of direct axonal projections from the retina to this area of the hypothalamus. Early 

chronobiologists knew that light was the primary synchronizing agent of the circadian 

system. Due to the fact that in mammals information about light reaches the brain solely 

through retinal projections, it seemed reasonable, therefore, that the circadian clock was 

located somewhere along this pathway. Experiments by Robert Moore and colleagues in 

the early 1970s revealed that transections of the optic nerve anterior to the optic chiasm 

resulted in free-running rhythms, while transections of the optic tract posterior to the 
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chiasm had no effect on entrainment. These findings strongly suggested that the 

pathway critical for mediating entrainment must exit at the level of the chiasm. In 1972 a 

novel retinal tract was discovered using tritiated amino acid autoradiography which 

showed a projection exiting at the level of the chiasm and innervating the SCN (Moore & 

Lenn, 1972). Shortly thereafter it was discovered that bilateral electrolytic lesions of the 

rat suprachiasmatic nucleus led to complete elimination of circadian rhythms in drinking 

and locomotor activity (Stephan & Zucker, 1972), as well as plasma corticosterone levels 

(Moore & Eichler, 1972). This finding has since been replicated in numerous mammals. 

Figure 1.4. The Suprachiasmatic Nucleus: Master light-entrained pacemaker in 
mammals 

 
Photomicrograph of a mouse brain stained for the neuropeptide AVP, which is abundantly 
expressed within the SCN. The SCN is located bilaterally above the optic chiasm and below the 
3rd ventricle. B. Double plotted activity record (actogram) depicting wheel running activity in a 
mouse with a complete lesion of the SCN. All circadian rhythmicity in wheel running activity has 
been abolished. 

The finding that the SCN is necessary for rhythmicity does not, in and of itself, 

prove that the SCN is the source of the rhythms. However, the status of the SCN as the 

‘master pacemaker’ is supported by several lines of converging evidence. First, as 

stated, destruction of the SCN eliminates circadian rhythmicity of behavior and 

physiology (Figure 1.4b). Second, electrical or chemical stimulation of SCN neurons 

results in phase-dependent shifts in rhythms, mimicking exposure to light or other 

zeitgebers (Albers & Ferris, 1984; Rusak & Groos, 1982). Third, SCN neurons, both in 

vitro and in vivo, show circadian oscillations in neural firing (Green & Gillette, 1982; 
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Inouye & Kawamura, 1979), glucose uptake (Schwartz et al., 1983), neuropeptide 

secretion (Earnest & Sladek, 1986), and gene expression (Yamaguchi et al., 2003). 

Finally, following complete ablation of the SCN, circadian rhythms of behavior can be 

restored by transplants of fetal SCN tissue. The periodicity of the restored rhythm is 

determined by the genotype of the donor tissue and not that of the host, proving that the 

donor SCN is indeed the source of rescued rhythmicity (Ralph et al., 1990). 

1.6.2. Clock inputs 

The SCN receives information about light directly from the retina via a unique 

pathway, separate from the visual system, referred to as the retinohypothalamic tract 

(RHT). The RHT is composed of projections arising from a small subset (~5%) of retinal 

ganglion cells (RGCs) that contain the photopigment melanopsin and respond directly to 

light. These intrinsically photoreceptive retinal ganglion cells (ipRGCs) receive input from 

rods and cones but are fully capable of mediating LD entrainment on their own (Güler et 

al., 2008; Hattar et al., 2002). 

Absorption of light by melanopsin activates ipRGCs, which then releases 

glutamate and PACAP from axon terminals in the SCN. This initiates a series of 

biochemical reactions in SCN neurons which shifts the phase of the SCN by 

upregulating levels of Per mRNA. If light exposure occurs when mRNA levels are 

normally falling (i.e., early in the subjective night), increased Per transcription raises 

PER protein levels up to where they were earlier in the cycle, thus delaying progression 

of the clock gene cycle and resulting in a phase delay. Conversely, light exposure late in 

the subjective night, when Per mRNA levels are already rising, accelerates progression 

of the cycle and results in a phase advance. Thus, the same action (increased Per 

expression) can have opposite phase shifting effects depending on the phase at which it 

occurs (Dibner et al., 2010). 

Non-photic zeitgebers act on the SCN via inputs from several different brain 

structures including the pontine Raphe nuclei, thalamic intergeniculate leaflet, and basal 

forebrain (Webb et al., 2014). 
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1.6.3. Clock outputs 

The efferent pathways responsible for communicating circadian rhythmicity to the 

rest of the brain and body appear to involve both neural and humoral mechanisms. The 

SCN sends axonal projections to a surprisingly limited number of other brain areas, 

mostly located within the hypothalamus. These brain regions control sleep and wake, 

feeding and drinking, body temperature, and endocrine secretions that distribute 

circadian timing information to additional brain regions (Kalsbeek et al., 2011). 

Circadian oscillators located outside of the brain are controlled by autonomic 

efferent nerves, pituitary endocrine secretions, the daily body temperature rhythm, and 

various stimuli associated with the daily feeding and drinking rhythms. These signals 

determine the timing of local circadian oscillators in a tissue specific manner, to ensure 

appropriate coordination of biochemical and physiological processes within and between 

different organs and organ systems (Morse & Sassone-Corsi, 2002). 

The circadian clocks regulate the timing of gene expression in various organs 

differ in their phase relationship to the SCN. For example, whereas under standard 

laboratory conditions PER2 protein expression in the SCN peaks in the mid-subjective 

night, PER2 expression in the olfactory bulb peaks ~12h out of phase with the SCN in 

the mid-subjective day, while peripheral tissues peak at yet other circadian phases. 

Peripheral tissues are capable of either altering their phase relationship to the SCN or 

ignoring the SCN altogether, suggesting a certain amount of flexibility inherent in the 

system. 

1.6.4. Peripheral oscillators 

As stated, the circadian system of mammals encompasses nearly all organs, 

tissues, and cells in the body. Single-cell oscillations in both the SCN and in peripheral 

tissues are generated by the same gene regulatory feedback loop. Cultured cells and 

tissue explants from liver, lung, kidney, spleen, pancreas, heart, stomach, skeletal 

muscle, lung, cornea, thyroid, and adrenals all exhibit robust circadian oscillations in 

gene expression (as reviewed in Dibner et al., 2010). However, despite the mechanistic 

similarities between central and peripheral oscillators, rhythmicity in tissue explants is 

lost after a few days with no input as each cell drifts out of phase and the timing of cells 
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becomes randomly distributed across the day. This dampening is caused by loss of 

synchrony among the cells with diverse periods. Such phase dispersal in individually 

oscillating cells is not observed in SCN explants, as these neurons are able to maintain 

synchrony for as long as adequate culture conditions are maintained. Tight coupling of 

individual SCN neurons is achieved through interneuronal communication via gap-

junctions (Long et al., 2004), synaptic interactions, GABAergic transmission (Choi et al., 

2008; Ono et al., 2020), and neuropeptide release (Aton et al., 2005), making the SCN 

uniquely suited in its role in the circadian hierarchy, as that of master pacemaker. 

While most brain areas and peripheral tissues require a synchronizing signal to 

maintain rhythmic output, there are a small number of tissues that have been found to 

oscillate in a self-sustained manner. The first of these to be discovered was the retina, 

which when cultured, still exhibits free-running rhythms in melatonin synthesis that can 

be entrained by LD cycles (Tosini & Menaker, 1996). The olfactory bulb (Granados-

Fuentes et al., 2004), and possibly the habenula (Zhao & Rusak, 2005), are other brain 

areas that have been identified as capable of oscillating autonomously. 

In addition to showing daily oscillations in clock gene expression, microarray 

studies have shown that up to 10% of the entire rat genome is expressed in a circadian 

manner (Akhtar et al., 2002; Panda et al., 2002; Storch et al., 2002). Among these 

rhythmically expressed genes are found key regulators of glucose and lipid metabolism, 

oxidative phosphorylation, and detoxification pathways. Rhythmic expression of these 

genes in peripheral tissues is likely for the purposes of optimizing food processing by the 

anticipation of metabolic processes, temporally limiting metabolic processes with 

adverse side effects to times they are needed, and temporally sequestering chemically 

incompatible reactions within a tissue to different times of day (Dibner et al., 2010). 

For a tissue or organ to exhibit circadian rhythms in its output functions, a 

collection of circadian clocks at the cellular level is not enough - the phases of these 

clocks must also maintain stable phase relationships with each other to produce a 

coherent circadian output. In explant experiments wherein tissues and brain regions are 

isolated and monitored in vitro many can sustain tissue-level circadian expression of 

clock gene and other output rhythms variably from just one to several cycles, but all 

eventually dampen out due to circadian oscillators within individual cells gradually 

drifting out of phase with one another. For a fully functional circadian system, the phases 
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of tissue-level clocks must also be entrained to the relevant zeitgebers in the 

environment and maintain optimal phase relationships with circadian clocks in other 

tissues. 

1.7. Food and the FEO 

1.7.1. Food as a zeitgeber 

Food sources for many organisms may vary predictably in both place and time. 

For such organisms, optimal foraging may require anticipation of daily temporal windows 

of food availability. While food intake normally coincides with the animal’s wake phase, 

there are times when limited food availability may require a dissociation between activity 

and its normal phase relationship to the light-dark cycle. 

As previously discussed, work in honeybees provided the first indication that food 

could influence the circadian timing system of any organism (though it was not 

understood in those terms). One way in which food affects the apian circadian system is 

in the ability of bees to form Zeitgedachnis, or time memory, the association of circadian 

phase with food presentation. It has been demonstrated that bees can learn up to nine of 

these associations simultaneously (as reviewed in Moore, 2001). 

Additionally, along with honeybees, some mammals, including Syrian hamsters 

(Mistlberger, 1993) and certain strains of mice (Castillo et al., 2004), will synchronize 

their circadian rhythms around access to food when housed in constant lighting 

conditions. This ‘food entrainment’ occurs by directly altering SCN neural activity. In 

many organisms, however, food can affect the circadian system via another mechanism. 

When food access is restricted to a few hours at the same time each day, over the 

course of several days most organisms (including rats and most strains of mice) will 

come to spontaneously awaken and exhibit an increase in general locomotor and food-

oriented behavior in the 1-3 hours prior to food availability, even when food is presented 

during what would normally be the animals rest phase (Mistlberger, 1994). 

This phenomenon was first reported on in the early 1920s when Curt Richter 

reported that rats respond to a daily meal, delivered at the same time each day, by 

increasing their locomotor activity several hours in anticipation of the daily meal; that is, 

rats ‘anticipated’ the time of food availability, even when food was only available during 
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the light phase, when nocturnal rodents are normally asleep (Richter, 1922). Over the 

next several decades, through the work of researchers such as Shirley (1928), Meyer-

Lohmann (1955), and Reid & Finger (1955) it became well established that hungry rats 

and at least certain strains of mice in running wheels would learn to anticipate the hour 

at which they receive their daily food, even when that occurred during the day (as cited 

in Bolles & De Lorge, 1962). A set of experiments by Bolles and colleagues in the 1960s 

extensively examined this food anticipatory activity (FAA) and obtained the first 

unambiguous evidence that it was based upon a circadian mechanism. Bolles and 

deLorge (1962) found that rats housed in a 24-hour light-dark cycle displayed food 

anticipatory running-wheel activity when meals were scheduled every 24 hours, but not 

when meals were scheduled at 19- or 29-hour intervals. The authors concluded that this 

FAA could not be accounted for as a response to the food deprivation alone, but that 

rats must be utilizing either external cues provided by the LD cycle or by a circadian 

clock. This experiment was later repeated with rats born and raised under LD cycles of 

19-, 24-, or 29-hour periods which corresponded to the feeding schedule on which they 

would then be maintained. Half of the rats in each group were tested in running-wheels, 

with the other half in operant chambers equipped with a lever and pellet dispenser that 

only provided food during the scheduled mealtime (all lever responses were recorded). 

The same results were obtained, with rats only capable of anticipating meals scheduled 

at 24h intervals, regardless of the lighting condition. These findings were interpreted as 

being due to an association having formed between the phase of the circadian clock and 

food presentation (Bolles & Stokes, 1965). 

Other physiological parameters also rise in phase with anticipatory activity. 

Investigations in the 1970s revealed that daily feeding not only organized circadian 

locomotor activity, but also reorganized the rhythmic expression of corticosterone and 

body temperature to coincide with mealtime, even when in competition with the light-dark 

cycle (Krieger & Hauser, 1978; Krieger, 1974). The effects of food on the circadian 

organization of behavior in these animals appeared to be acting independently of the 

normally light-entrained, SCN-driven circadian system. This originally led to a great deal 

of confusion in how to interpret the results, with some researchers arguing that this 

meant the phenomenon was not circadian (Gibbs, 1979). While there had been hints of 

two separate circadian systems in some of the earliest research on feeding induced 

rhythmicity (for example, see Meyer-Lohmann, 1955), the first clear evidence that food 
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could induce rhythmic activity independent of the light-entrainable circadian system, 

were reports by Edmonds & Adler (1977) that rats maintained on RF in constant light 

conditions displayed both FAA and a second activity bout that free-ran from the previous 

time of dark onset. A similar finding was made by Sulzman et al. (1978), who observed 

that water intake and urinary rhythms in squirrel monkeys were entrained by restricted 

feeding, while core body temperature followed the 23-h LD cycle. In 1977, Krieger et al., 

reported that rats that had received complete SCN ablations still displayed rhythmic 

temperature and corticosterone levels when maintained on a restricted feeding 

schedule. These researchers were the first to suggest that entrainment to mealtime was 

mediated by an extra-SCN oscillator. Finally, in 1979, Stephan et al., conclusively 

showed that the SCN was not in fact needed for rats to anticipate a daily meal. 

1.7.2. Circadian characteristics of FAA 

Although food anticipatory activity is not dependent upon the light-entrained 

oscillator of the SCN, it does display properties that are characteristic of the outputs of 

entrained endogenous oscillators with circadian periodicities (a so-called food-

entrainable oscillator, or FEO). First, once FAA has developed, it will persist near the 

previous phase for up to five days when feedings are withheld (Bolles & Moot, 1973; 

Boulos et al., 1980; Mistlberger, 1992; Stephan et al., 1979a, 1979b). When placed back 

on ad-libitum feeding however, FAA in most cases abruptly ceases (Coleman et al., 

1982; Rosenwasser et al., 1984; Stephan et al., 1979a), though there have been reports 

of it continuing under certain conditions (Aschoff et al., 1983; Boulos et al., 1980; 

Brinkhof et al., 1998; Edmonds & Adler, 1977; Gibbs, 1979; Honma et al., 1983). It is 

believed however that failure to persist in ad-libitum feeding conditions is due to rapid 

uncoupling from effectors that control output rather than a dampening of the oscillator, 

as FAA can reappear at its usual phase after periods of ad-libitum food access when 

rats are food deprived once again (Clarke & Coleman, 1986; Coleman et al., 1982; 

Rosenwasser et al., 1984). 

Second, when mealtime is abruptly shifted, FAA does not immediately reset, but 

rather, shifts gradually, with the animal often displaying so-called ‘transient cycles’ of 

activity as FAA moves to the new feeding time (Stephan, 1984, 1992; Stephan et al., 

1979a). Transient cycles are characteristic of the outputs of an oscillator as it free runs 

or is phase shifted each day to the displaced mealtime, similar to the gradual 
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resynchronization following an abrupt shift in the LD cycle, such as in rapid, long-

distance travel. 

Third, FAA exhibits limits to entrainment, as it is incapable of developing to meals 

scheduled at long, but non-circadian intervals (outside of the 22-31 hour range). Early 

studies showed that rats could anticipate meals at 23-hour intervals, but not 18-hour 

intervals (Stephan et al., 1979a, 1979b). Additional research using unreinforced operant 

responding (Boulos et al., 1980) or wheel running (Stephan, 1981) as measures of 

anticipation demonstrated clear anticipation of meals scheduled at periods of between 

23 and 31 hours, but not to longer or shorter intervals. 

Fourth, anticipation of intervals at the upper limits of entrainment only occurred 

when the period was increased gradually (Stephan, 1981). When changed abruptly from 

24 to 31 hours, no rats could anticipate the 31-hour interval. This may reflect plasticity in 

the periodicity of FEOs, similar to that which is observed in the light entrained 

pacemaker. 

Finally, in intact rats the onset of anticipatory activity relative to mealtime 

increases systematically with the length of the feeding cycle. This is what would be 

expected if FAA is the product of an oscillator in which the onset of anticipation 

represents the phase angle of entrainment (Aschoff et al., 1983; Honma et al., 1984; 

Marchant & Mistlberger, 1997). One interesting characteristic of the FEO is that it 

entrains with a positive phase angle (i.e., activity begins before the meal) throughout its 

range of entrainment. While post-feeding activity has been observed on short feeding 

cycles, the failure to reliably observe negative phase angles (i.e., activity after meal 

onset) may be due to masking effects from meal presentation. 

Based largely on the evidence outlined above, the existence of one or more self-

sustained circadian oscillators, which are entrained by feeding time, are independent 

from the SCN, and drive FAA when food is temporally restricted have gained wide 

acceptance within the field of chronobiology. Despite this, the structure and organization 

of this FEO and the ways in which it interacts with the light-entrainable circadian system 

remain unclear. These findings further distinguish FAA from timing of intervals in the 

seconds to minutes range (discussed below). 
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1.7.3. Localization of the FEO 

As discussed, food restricted animals whose normal daily rhythms have been 

eliminated due to SCN ablation or constant exposure to bright light, are still capable of 

displaying FAA, indicating that the system generating it is independent of the light 

controlled SCN circadian oscillator. This can also be seen in rats maintained on 

restricted feeding while housed in constant lighting conditions, as they will often display 

two activity bouts: a bout of activity entrained to mealtime (FAA) and a bout that free-

runs from the previous time of activity onset. 

Localization of the FEO, however, has proved elusive. Removal of various 

hypothalamic, basal forebrain, hippocampal, limbic, thalamic, brainstem, and cortical 

structures have all failed to consistently eliminate food anticipation, although removal of 

some of these areas can alter its expression (e.g., lower amplitude). For example, it has 

been reported that rats that received extensive lesions which removed the hypothalamic 

paraventricular nucleus (PVN) became extremely obese and displayed very low food 

anticipatory locomotor activity as assessed by a tilt-floor. However, these rats displayed 

robust anticipatory nose-pokes into their feeding bins, suggesting that PVN lesions were 

affecting expression of FAA and not the timing mechanism itself (Mistlberger & Rusak, 

1988). Additionally, while behavioral food anticipation was reported to be preserved 

following ablation of the infralimbic cortex (Recabarren et al., 2005) or hypophysectomy 

(Davidson & Stephan, 1999) the anticipatory rise in body temperature was either 

attenuated or absent. Such results support the case for the distributed and decentralized 

control of FAA (Mistlberger, 2011). 

FAA also appears to be independent of light entrained rhythms at the molecular 

level, as mice otherwise rendered arrhythmic through clock gene mutation are still 

capable of anticipating a daily meal, though with altered expression in some cases. The 

only single clock gene mutation that completely eliminates light entrained circadian 

rhythms is the Bmal1 null mutant. While these animals are behaviorally arrhythmic in DD 

under ad-libitum feeding conditions, they display robust FAA in response to a daily meal 

(Pendergast et al., 2009; Storch & Weitz, 2009). ClockΔ19 mutant mice display normal 

FAA (Pitts et al., 2003), though mice lacking the Clock homolog NPAS2 require longer 

exposure to restricted feeding schedules for FAA to develop (Dudley et al., 2003). 

Cry1/Cry2 double mutant mice also display FAA to a restricted feeding schedule, even 
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after SCN-lesions (Iijima et al., 2005), though SCN-lesioned mice lacking either Cry1 or 

Cry2 alone display changes to the period of the FEO (shorter for Cry1-/- and longer in 

Cry2-/-; Takasu et al., 2012). Food anticipation in various Per mutant mice has been 

thoroughly examined, with discrepant results. Per1/Per2/Per3 triple mutant mice display 

FAA on a restricted feeding schedule (Pendergast et al., 2012), as do Per1/Per2 double 

mutants (Storch & Weitz, 2009). Several studies have shown that Per1 and Per3 single 

knock-out mice display normal FAA (Feillet et al., 2006; Mendoza et al., 2010; 

Pendergast et al., 2017). Per2 has proven more controversial. Feillet et al (2006) 

reported that Per2 mutant mice (Brdm1 line) lacked FAA. In contrast, Storch and Weitz 

(2009) reported that Per2 mutant mice from the ldc line did display FAA to a restricted 

meal. More recently Pendergast et al (2017) reported robust FAA in Per2 mutant mice 

from both ldc and Brdm1 lines. Differences in experimental protocols were likely 

responsible for the discrepant results. One interesting feature of Per1/Per2/Per3 triple 

mutant mice is that they were capable of anticipating cycles of food availability as short 

as 21-hours, suggesting that the period of the FEO has been shortened in these animals 

(Pendergast et al., 2012). Finally, Rev-erb mutant mice (Nr1d1-/-) exhibit a reduction in 

FAA (Delezie et al., 2016). In some individuals, FAA may be absent to a daytime meal, 

but present to a nighttime meal (Michalik and Mistlberger, unpublished observations). 

The nature of the FAA phenotype in these mice remains to be clarified. To summarize, 

no single clock gene or combination of clock genes appear to be necessary for 

expression of FAA. Mutations in Cry1/2 or Per1/2/3 alter the period of FAA, suggesting 

they are involved in (but not necessary for) the FEO, while Npas2 and Rev-erb 

modulate FAA, likely via input or output mechanisms. 

Additionally, while chronic consumption of 25% heavy water (deuterium oxide or 

D2O) in place of drinking water lengthens the circadian period of the light-entrainable 

circadian system in constant lighting conditions and phase delays or completely disrupts 

entrainment in the presence of an LD cycle in mice (Sujino et al., 2021), Syrian hamsters 

(Oklejewicz et al., 2000), and rats (Logothetis et al., 1984; Pittendrigh & Daan, 1976a), 

D2O consumption has no effect on food-entrained rhythms of rats (Mistlberger et al., 

2001). Taken in total these findings suggest that the FEO is broadly distributed at the 

anatomic level, redundant at the genetic level, and fundamentally distinct from the light-

entrained circadian system (despite interactions between the two). 
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1.7.4. Effects of restricted feeding on central and peripheral 
oscillators 

In addition to general locomotor activity and wheel running, other behavioral and 

physiological parameters are also either influenced by or under the control of the FEO. 

As rats and mice in the laboratory tend to eat a diet very low in moisture content, it 

should be unsurprising that drinking behavior is also synchronized with temporally 

limited food access (Boulos et al., 1980; Clarke & Coleman, 1986). The behavior(s) 

required for access to food (e.g., lever pressing, nose-poking, food-bin inspection) are 

also observed concurrent with general locomotor FAA (Boulos & Terman, 1980; 

Mistlberger, 1994), though the differences in the timing of these has not been 

systematically studied (though see Petersen et al., 2014; Terman et al., 1984). 

Concomitant to this increase in activity, a rise in body temperature, distinct from feeding 

induced thermogenesis, is also well documented (Challet et al., 1997; Krieger, 1974; 

Nelson et al., 1975). Corticosterone levels also show a dramatic elevation prior to food 

presentation. In nocturnal animals fed ad-libitum, corticosterone reliably peaks at dark 

onset and is tightly coupled to the SCN light-entrainable pacemaker. However, when 

food is temporally restricted, a second peak is observed prior to mealtime (Krieger, 

1974; Nelson et al., 1975). Additionally, much of the digestive system undergoes large 

physiological changes in response to daily restricted feeding. As a response to a daily 

meal, the stomach has been shown to increase its ability to distend in response to food 

intake (Martínez-Merlos et al., 2004). Duodenal disacchridases increase prior to 

mealtime in rats and this rhythm persists during subsequent food deprivation (Saito et 

al., 1980). Duodenal motility has also been shown to increase 1-2 hours before 

behavioral FAA is observed (Comperatore & Stephan, 1987). These results indicate that 

when entrained to mealtime, many different behavioral and physiological systems are 

under the control of the FEO. 

When light-driven and food-driven rhythms diverge, most tissues, both centrally 

and peripherally, preferentially entrain to the feeding rhythm, with the SCN being the 

most glaring exception (Mistlberger, 1994, 2011). In fact, it is believed that the SCN 

exerts phase control over peripheral tissues at least in part by imposing the rest/activity 

cycle, which in turn determines the daily feeding cycle. The liver, kidney, heart, and 

pancreas all show changes in the phase of clock gene expression in response to a 

daytime meal (Damiola et al., 2000). 
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In the brain, multiple changes have been observed in animals anticipating a daily 

meal. In rats, increased expression prior to mealtime in the immediate early gene c-FOS 

has been reported in the hypothalamic DMH, LH, PVN, and tuberomammillary nucleus 

(TN), though not in the VMH (Ángeles-Castellanos et al., 2004). In the LH and DMH, 

increased c-FOS expression at the appropriate time persisted for several days during 

food deprivation (Angeles-Castellanos et al., 2004). The bed nucleus of the stria 

terminalis, nucleus accumbens, amygdala, prefrontal cortex, and paraventricular nucleus 

of the thalamus have also shown increased c-FOS expression in anticipation of a daily 

meal (Ángeles-Castellanos et al., 2007). Daily restricted feeding during the light phase 

has also been shown to alter the phase of clock gene expression in the amygdala, 

hippocampus, cerebral cortex, PVN, anterior pituitary, BNST, DMH, and olfactory bulb, 

in one or more studies (Girotti et al., 2009; Patton et al., 2014; Pavlovski et al., 2018; 

Verwey & Amir, 2009; Wakamatsu et al., 2001). 

Although FAA is not dependent on a functional SCN, there is evidence that the 

two circadian systems may normally be mutually, although weakly, coupled. Changes in 

the phase and period of the free-running light-entrained activity rhythm have been 

observed during daily restricted feeding. When food is restricted to the light phase, the 

onset of pineal melatonin and the acrophase of body temperature are both phase 

advanced compared to ad-libitum fed rats (Challet et al., 1997) as is the onset of 

nocturnal locomotor activity in food restricted mice (Challet et al., 1998). The strongest 

evidence for coupling of the FEO to the LEO comes from what occurs when a restricted 

feeding schedule is followed by ad-libitum food access and a phase shift of the LD cycle. 

Following a restricted feeding schedule mealtime associated activity rapidly dampens 

out or ceases altogether as soon as ad-libitum feeding is reinstated. When rats are once 

again food deprived for several days, even following weeks of ad-libitum food access, 

FAA re-emerges at the time of previous food access. However, if the LD cycle is shifted 

at some point during ad-libitum food access, when food deprived re-emergent FAA 

maintains a near constant phase relationship with the LD cycle rather than being 

expressed near the previous mealtime (Ottenweller et al., 1990; Rosenwasser et al., 

1984). The degree of coupling between the FEO and LEO is thought to vary between 

species (Mistlberger, 1994), strains (Abe et al., 1989), and the amount of food consumed 

(Challet et al., 1997). 
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1.7.5. FEO zeitgebers 

One unresolved question is how food exerts its effects on the circadian system. 

To answer this question is to figure out what is in the food that is acting as the zeitgeber 

entraining the FEO. 

Pre-ingestive stimuli, such as the sight or the smell of food, are not necessary for 

anticipatory activity to develop, as enucleated rats (Gibbs, 1979; Stephan, 1986) and 

anosmic rats and mice (Coleman & Hay, 1990; Davidson et al., 2001; Pavlovski et al., 

2018) exhibit normal FAA to a daily meal. Neural communication between the 

gastrointestinal tract and the brain has also been ruled out as neither the vagus nerve 

(Comperatore & Stephan, 1990; Moreira & Krieger, 1982) nor non-vagal afferents 

(Davidson & Stephan, 1998) are necessary for eliciting FAA to a daily meal. Additionally, 

FAA has been shown to persist in rats lacking adrenal glands (Boulos et al., 1980; 

Stephan et al., 1979b), insulin (Davidson et al., 2002), or leptin receptors (Mistlberger & 

Marchant, 1999). 

While nutritive foods are sufficient in the generation of food anticipatory activity, 

the evidence suggests that they are not necessary. While FAA does not develop in 

response to a daily highly palatable saccharine solution or mash in rats with ad-libitum 

access to regular chow (Mistlberger & Rusak, 1987; Lamont et al., 2007), rats, mice, and 

hamsters will develop anticipation of a daily palatable nutritive snack which persists for 

multiple days following withdrawal (Abe & Rusak, 1992; Ángeles-Castellanos et al., 

2008; Hsu et al., 2010; Mendoza et al., 2005; Mistlberger & Rusak, 1987; Verwey et al., 

2007). Additionally, rats have been shown to display anticipatory activity in response to 

daily water availability (Mistlberger, 1992) or salt access (Rosenwasser et al., 1988), 

even when food intake has been strictly controlled for. 

While metabolic factors do not appear to be necessary for expression of FAA, 

several of these are responsive to restricted feeding. Leptin, ghrelin, and free fatty acids 

can all be phase shifted by restricted daytime feedings (Bodosi et al., 2004; Martínez-

Merlos et al., 2004), as are glucagon, insulin, and cholesterol (Diaz-Munoz et al., 2000; 

Martínez-Merlos et al., 2004; Velasco et al., 2008). Furthermore, clock gene expression 

in most peripheral organs can be phase shifted by one or more stimuli associated with 

food intake, including glucose (Hirota et al., 2002), cell metabolic factors such as AMP-
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activated protein kinase (Lamia et al., 2009) and SIRT1 (Asher et al., 2008; Nakahata et 

al., 2008), and metabolic and gut hormones such as corticosterone (Balsalobre et al., 

2000), insulin (Chaves et al., 2014; Crosby et al., 2019; Tahara et al., 2011; Yamajuku et 

al., 2012), and oxyntomodulin (Landgraf et al., 2015). 

Among feeding-related hormones, the orexigenic hormone ghrelin was a 

promising candidate as the source of timing information for FAA. Ghrelin is secreted by 

oxyntic gland cells in the stomach and binds to the growth hormone secretagogue 

receptor 1a in hypothalamic nuclei such as the arcuate nucleus, the substantia nigra, 

and reward centers such as the ventral tegmental area and elsewhere in the mesolimbic 

reward pathway (Challet, 2019; Nelson & Kriegsfeld, 2017). Blood concentrations of 

ghrelin peak around the time of meal onset and are suppressed by food intake (Nelson & 

Kriegsfeld, 2017). There are several reasons to think that ghrelin is a driver or entrainer 

of FEO’s responsible for FAA. First, injection of ghrelin in freely fed animals that are food 

deprived following the injection, increases locomotor activity and subsequent food intake 

(LeSauter et al., 2009). Second, the oxyntic cells that release ghrelin in the stomach 

express circadian cycles of clock genes entrained to feeding time (LeSauter et al., 

2009). Third, injection of ghrelin or a ghrelin-antagonist can increase or decrease, 

respectively, the amount of FAA observed prior to a palatable meal (Merkestein et al., 

2014). However, the role of ghrelin in the FEO is challenged by a dissociation between 

FAA expression and ghrelin secretion in response to food deprivation following a 

restricted feeding schedule. While FAA rises and falls around the expected mealtime 

across several days of food deprivation, plasma ghrelin concentrations rise prior to the 

first omitted meal, then gradually decrease without further cycling. Additionally, mice 

carrying a mutation in the ghrelin receptor (GHSR knockout mice), are still capable of 

anticipating daily meals (Blum et al., 2009; Gunapala et al., 2011; LeSauter et al., 2009), 

though both FAA and cFOS reactivity in several hypothalamic nuclei show attenuation. 

These results rule out a role for ghrelin in initiating FAA, however they do leave open the 

possibility that it is involved in amplitude or phase control of FEOs located elsewhere. 

Liver outputs were another promising candidate as the source of timing 

information for FAA. Microarray analysis of the mouse liver transcriptome showed that 

9% of over 2000 genes studied oscillated in a circadian manner, many of which are 

under the direct control of circadian clock genes that can be entrained by feeding 

schedules (Akhtar et al., 2002; Kornmann et al., 2007). It has been reported that 
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rhythmic Per2 expression in the liver, and the resulting daily rhythm of the ketone body 

β-hydroxybutyrate (βOHB), were necessary for FAA (Chavan et al., 2016). The authors 

suggest that FAA requires Per2 expression in the liver and one other location, and that 

βOHB provides the timing signal to the brain circuits driving FAA. However, similar to 

ghrelin discussed above, during food deprivation plasma ketone levels rise and by the 

second day remain high, while FAA rhythmicity persists (Newman & Verdin, 2017). 

Furthermore, many other studies have demonstrated that FAA is unaffected by Per2 

knockout, or even Per1/Per2/Per3 triple knockout (Pendergast et al., 2017; Pendergast 

& Yamazaki, 2018; Storch & Weitz, 2009). As in the case of ghrelin, the available 

evidence suggests that while circulating ketones, such as βOHB, may play a role in 

setting the phase of FEO’s elsewhere, they cannot be responsible for the expression of 

FAA. 

There is evidence that in addition to a daily meal, rats and mice can anticipate 

restricted access to various appetitive stimuli, including highly palatable food (Ángeles-

Castellanos et al., 2008; Hsu et al., 2010), salt (Rosenwasser et al., 1985), water 

(Mistlberger, 1992), sexually receptive potential mates (Landry et al., 2012), and various 

drugs of abuse (Iijima et al., 2002; Jansen et al., 2012; Mohawk et al., 2013; Shibata et 

al., 1994). Of the drugs of abuse that can induce anticipatory activity prior to 

administration, methamphetamine is of note as continuous methamphetamine 

administration can restore a circadian locomotor activity rhythm in SCN-lesioned rats or 

lengthen the free-running period of SCN-intact mice in constant dark (Honma et al., 

1987; Tataroglu et al., 2006). There are reasons to believe that this methamphetamine-

sensitive circadian oscillator (MASCO) is associated with the FEO. Firstly, 

methamphetamine-induced circadian rhythms are entrained by restricted feeding 

schedules in SCN-lesioned rats (Honma et al., 1989). Secondly, the MASCO, like the 

FEO, is affected by, but not dependent upon canonical circadian clock genes 

(Pendergast et al., 2012, 2017; Pendergast & Yamazaki, 2014). The fact that appetitive 

stimuli, including methamphetamine, and food intake both strongly activate the 

dopaminergic reward circuit, has led some to speculate that dopaminergic neurons 

within this circuit are the final common pool of oscillators through which these various 

stimuli induce rhythmicity (Davidson et al., 2005; Mistlberger, 2020; Pendergast & 

Yamazaki, 2014). 
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Based on the above evidence, it appears that synchronization of circadian clocks 

by food involves multiple tissue-specific or universal input signals which act in parallel or 

in series to entrain physiology to mealtime. The fact that so many widely broadcast time 

cues participate in food entrainment suggests that FAA is driven by FEO’s located in 

multiple brain circuits that collectively regulate appetitive behavior (Mistlberger, 2020). 

1.7.6. Multiple meal anticipation 

Complicating the FEO model of FAA, there is long-standing evidence that rats 

can anticipate more than one daily meal. Reports that SCN-ablated rats show FAA to 

two meals with different feeding periodicities (i.e., one meal repeating every 25 hours 

and another every 26 hours) led researchers to model multiple meal anticipation as the 

output of two coupled oscillators, capable of dissociating and tracking the two meals 

independently. Evidence, however, that rats and mice can anticipate more than two daily 

meals may challenge this dual-FEO model of multiple meal anticipation. 

From one of the earliest systematic studies of daily food anticipation in rats, it 

became apparent that rats were not limited to anticipating a single daily meal, but could 

anticipate two daily meals, at least in some cases. In 1973, Bolles & Moot demonstrated 

that rats could anticipate two daily meals, with both meals occurring in either the light or 

dark phase, when the meals were separated by at least 6 hours. Anticipation of both 

meals persisted during two days of food deprivation, and when rats were put back onto 

the restricted feeding schedule following a period of ad-libitum access to food, FAA 

emerged almost immediately. Bolles & Moot interpreted this as a learned phenomenon 

of association between the phase of the light entrained circadian oscillator and food 

presentation. 

In 1977, Edmonds & Adler extended these findings demonstrating that rats could 

anticipate two daily meals even when housed in constant lighting conditions. In their 

study, following ~3 months on a two-meal feeding schedule, the periodicity of one of the 

mealtimes was increased to 25h. At this point, three characteristic activity patterns were 

observed: 1) FAA occurred prior to one of the two feeding times, but not both, and rats 

showed no apparent free-running component; 2) FAA was observed to both scheduled 

mealtimes; 3) FAA was observed to one mealtime, along with a free-running activity 

component. Although activity was observed in anticipation of both mealtimes, Edmonds 
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& Adler interpreted these two activity bouts as being due to the established dual nature 

of the light-entrainable circadian system, rather than a dual food-entrainable oscillator 

specifically. 

Foundational work by Stephan helped to elucidate the properties of the food 

entrainable oscillator. In addition to providing substantial evidence that anticipation of a 

single daily meal was due to an entrained circadian oscillator (FEO, see above), 

Stephan’s work suggested that while SCN-ablated rats with running wheel could 

anticipate two daily meals provided at fixed times of day, they were incapable of 

anticipating three, despite eating at all three mealtimes (Stephan, 1979; 1989). 

Anticipation of two, but not three, daily mealtimes suggests that the FEO can 

decompose into a maximum of two independently oscillating components. Further work 

by Stephan built upon the findings of Edmonds & Adler (1977) and showed that rats 

could anticipate two meals that differ in their periodicity. SCN-lesioned rats were capable 

of anticipating two meals, one occurring every 24h and the other every 24.5h (Stephan, 

1983, 1989b), though there were intermeal intervals at which anticipation was unstable. 

When rats were food deprived following this schedule, however, only a single bout of 

activity spanning both mealtimes was observed, likely due to the proximity of the two 

mealtimes at the time of food deprivation. This was interpreted as evidence that FAA is 

regulated by two FEOs or groups of FEOs, that can uncouple and entrain independently 

to two daily meals. A dual-FEO model follows in the tradition of the Evening-Morning 

two-oscillator model of LD entrainment, invoked to explain properties of light-entrainable 

circadian rhythms, including tracking of dawn and dusk, as well as ‘splitting’ of rhythms 

in constant conditions (as discussed above). 

On a physiological level, when on a two-meal feeding schedule clock gene 

expression in central and peripheral tissues, as well as other physiological measures, 

dissociate from observed behavioral anticipation. In rats maintained on two daily meals, 

one in the dark phase and one in the light, Bmal1 expression in stomach and adrenal 

tissues assumed a unimodal rhythm, with a phase that was intermediate between the 

two mealtimes. Plasma ghrelin and corticosterone both displayed unimodal rhythmicity, 

with ghrelin peaking only at the daytime meal, and corticosterone peaking at the 

nighttime meal. In the olfactory bulb and the nucleus accumbens Bmal1 expression 

levels at most time points fell to levels intermediate between the daytime and nighttime 

fed rats, consistent with two populations of oscillators cycling in antiphase (Patton et al., 
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2014). Consistent with this finding, mice fed twice daily show intermediate levels of cFos 

activation in the SCN, DMH, and arcuate nucleus (Rastogi & Mintz, 2017). 

1.7.7. Alternative models of multiple meal FAA 

While the dual-FEO model of multiple meal anticipation has been the primary 

model used within the field of chronobiology, it is not the only model that has been 

evoked to explain anticipation of multiple daily meals. 

One way that rats could anticipate more than one daily mealtime would be to 

associate the phase of an entrained oscillator, such as the SCN or a single food-

entrained oscillator, with associated mealtime. Phase of the SCN or FEO could then act 

as a conditioned stimulus that predicts food presentation, signaling to the rat when to 

become active and search for food. Conceptually, the SCN or FEO would be functioning 

as a ‘continuously-consulted clock’ (Pittendrigh et al., 1958), providing a continuous 

readout of circadian phase that is available for associative learning processes mediated 

by circuits elsewhere in the brain. Use of circadian oscillators as continuously consulted 

clocks underlies sun compass orientation in insects and birds that forage or migrate over 

long distances (Cassone & Westneat, 2012; Moore, 2001). Additionally, phase marking 

is well established in honeybees and birds, which can link ‘phase’ of mealtime with 

‘place’ of food availability (circadian ‘time-place association’, TPA). Rodents also appear 

capable of circadian TPA (Aragona et al., 2002; Cassone & Westneat, 2012; Hut & Van 

der Zee, 2011; Mulder et al., 2013), but evidence from SCN lesion studies indicate that 

this does not require a functional light-entrained circadian pacemaker (Mistlberger et al., 

1996). Such a model could account for the ability to anticipate two daily meals with a 

single FEO entrained to one daily meal also serving as the continuously consulted clock 

allowing animals to associate its phase with other feeding opportunities. However, 

observations of anticipation of two meals at differing frequencies (Stephan, 1989b), while 

technically possible to explain using a consulted clock model, would require a great deal 

of additional cognitive processing. Failure to observe anticipation of more than two daily 

meals, also provides evidence against this model, as there should be no reason why 

associations between phases of the entrained FEO and any additional mealtimes could 

not be formed (Stephan, 1989a). 
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Another mechanism by which animals could anticipate multiple daily meals is by 

use of an interval timing mechanism. The interval timing system is a concept invoked to 

explain the ability of animals to discriminate intervals in the range of seconds to hours 

(Gibbon & Church, 1990). In a well-known example of short-interval timing, the fixed-

interval (FI) schedule of reinforcement, a reward is delivered to an animal contingent on 

the first operant behavior performed after a target interval initiated by a signal (a 

conditioned stimulus) or previous reward presentation. An anticipatory pattern soon 

develops in these procedures, with the response rate, averaged across many trials, 

increasing as a function of time, and reaching a maximum at the target interval (Buhusi 

& Meck, 2005). If reinforcement is withheld, responding assumes an inverted U shape, 

coming to a peak at the time that reinforcement normally occurs (Gibbon, 1977, 1991). 

The time at which the maximum response rate is reached during these peak trials can 

be used as an estimate of when the animal expected reinforcement, thus providing a 

measure of the accuracy and variability of timing (Buhusi & Meck, 2005). 

Interval timing can be distinguished from circadian timing by several properties. 

First, anticipatory rhythms generated by FI schedules in the seconds-to-minutes range 

typically do not persist beyond one cycle of reward omission. Second, the rhythm resets 

immediately if a reward is provided early or late. Third, the anticipatory response 

distribution scales with the duration of the interval being timed; the so-called scalar 

property (Gibbon, 1977). 

Although circadian timing and short-interval timing represent solutions to very 

different real-world problems, evidence for oscillatory processes in short interval timing 

suggests a hypothesis that there may be a common mechanism underlying anticipatory 

rhythms at all time scales (Church & Broadbent, 1990; Crystal, 2006a). There is, 

however, a large gap between intervals in the traditional interval timing range (seconds-

to-minutes) and those in the circadian range (24-hours). Despite little research on the 

timing of intervals in the hours range, it has been reported that rats were capable of 

anticipating long, non-circadian intervals ranging from 7- to 26-hours when anticipation is 

measured by operant responding, although the rate of anticipatory responding differed 

depending on the interval (Crystal, 2006a, 2006b, 2015). Despite the apparent ability to 

anticipate arbitrary long intervals outside of the circadian range, response rates to meals 

scheduled within the circadian range increased more rapidly and came to a higher peak 

as compared to other intervals, potentially indicating greater temporal sensitivity. 
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Furthermore, it was reported that animals anticipating meals scheduled at 16- and 21-

hour intervals continued to display periodic anticipatory activity even after feedings were 

discontinued, suggesting that this timing was accomplished via an oscillatory mechanism 

(Crystal, 2006b). It was additionally reported that rats anticipating a daily meal utilized an 

interval timing strategy to time the meal in relation to the lighting schedule, suggesting 

that animals make use of interval timing mechanisms in FAA (Crystal, 2001a). Taken 

together, these results suggest a model in which oscillators of different native 

frequencies are used to measure elapsed time between events, thereby accounting both 

for the sustained oscillations during total food deprivation, and the scaling of response 

distributions with the interval between an environmental stimulus (lights-off) and a 

mealtime or between unsignaled mealtimes. In this model, there is no requirement for 

oscillator entrainment, and potentially no requirement for a circadian oscillator; instead, 

timing of multiple daily meals could be based on phase coincidence within a population 

of noncircadian oscillators or resonance with a matching oscillator. 

Evidence that the ability to time short intervals is absent in mice whose circadian 

systems have been rendered arrhythmic via long-term exposure to bright, constant light 

(Agostino, do Nascimento, et al., 2011), suggest a critical role for circadian clocks in 

short-interval timing and add additional theoretical support to interval timing models of 

multiple meal anticipation. 

1.7.8. Aims of the thesis 

While the ability of restricted feeding schedules to affect the circadian system has 

been embraced and utilized within chronobiology, questions remain as to the 

mechanisms involved both in the entrainment of central and peripheral oscillators to 

daily feeding opportunities, as well as the behavioral phenomenon of food anticipatory 

activity. Addressing the mechanisms by which animals are capable of timing one or 

more daily meals becomes increasingly important as temporal food restriction gets 

utilized in an increasing number of experimental paradigms within chronobiology. 

One basis for the dual-oscillator model of multiple meal anticipation is the 

observation that while SCN-lesioned rats in running wheels readily anticipate two daily 

meals, they are not capable of anticipating three daily meals concurrently (Stephan, 

1989a). While entrainment to three daily meals has not been demonstrated using 
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running wheels, there is some evidence that mice without running wheels can anticipate 

three or more meals, using video analysis of various cage behaviors to measure FAA 

(Luby et al., 2012). This suggests that the ability to detect anticipation may be influenced 

by the measure used. Furthermore, reports that rats could not anticipate three daily 

mealtimes did not control for food intake at each mealtime, and instead assumed that 

rats would distribute their food intake equally across the three access periods. The first 

aim of this thesis was to re-examine whether two is the limit to the number of daily meals 

intact or SCN-lesioned rats can concurrently anticipate. We decided to do so using an 

operant paradigm which, in our experience, has a higher signal-to-noise ratio than 

general locomotor activity as a measure of food anticipation (Petersen et al., 2014), and 

ensures that rats distribute their feeding across all mealtimes. 

The dual-FEO model of FAA is also supported by evidence that rats can 

anticipate two mealtimes occurring at differing frequencies (e.g., one meal presented 

every 24-hours, and a second meal presented every 26-hours; Stephan, 1989b). While 

complicated, it is conceivable that anticipation of two meals presented at differing 

periodicities could still be accounted for by a consulted clock model. If rats encode the 

phase of the T=26h meal relative to the T=24h mealtime, they could learn to become 

active 24 hours after the presentation of the T=26h meal and remain active for the two 

hours until meal presentation, at which point the encoded phase of the 24-hour clock 

would be updated to the new presentation time. The only way to distinguish between this 

computationally complex consulted clock model and separate entrained oscillators would 

be to food deprive the animals for multiple days and observe whether meal-associated 

bouts of activity persist with the periodicity of their associated meal. If no food is 

presented at the 26-hour interval, then the encoded phase cannot be updated, and 

activity would recur at 24-hour, not 26-hour intervals. If activity bouts do recur with 24- 

and 26-hour periodicities for more than one cycle of food deprivation, that would be 

strong evidence for the presence of two oscillators with different periodicities, exhibiting 

so-called 'aftereffects' of entrainment to 24- and 26-hour feeding schedules, respectively. 

While previous studies demonstrating anticipation of meals at two differing periodicities 

showed that anticipation persisted when the animals were subsequently food deprived, 

due to the proximity of the two meals at the time of food deprivation the periodicities of 

the persisting activity bouts could not be ascertained; essentially, only a single extended 

bout of activity was evident (Stephan, 1989b). The second aim of this thesis was to 
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confirm that intact and SCN-lesioned rats could anticipate two mealtimes with differing 

periodicities and test at what periodicities food anticipatory activity would persist when 

animals were food deprived. 

One challenge to the circadian FEO model is based on reports that rats can 

anticipate meals at non-circadian intervals, e.g., 16-hours and 18-hours. However, in 

these schedules meals fall repeatedly at just a few phases every two or three circadian 

cycles, e.g., at 16-hours, meals occur at only three times of day, while at 18-hours, 

meals occur at only four times of day. Apparent anticipation of 16- and 18-hour feeding 

schedules could therefore be based on entrainment of multiple circadian FEOs, or on 

discrimination and memory for phase of a single circadian oscillator. A third aim of the 

current thesis was to examine whether rats can anticipate meals at long, but non-

circadian intervals (16- and 18-hours), and if so, whether they rely on interval timing or 

circadian-based mechanisms. 

Further supporting an interval timing model are reports that in mice the ability to 

time short intervals is dependent upon a functioning circadian pacemaker (Agostino, do 

Nascimento, et al., 2011). These findings indicate a closer relationship between these 

distinct timing mechanisms than has traditionally been supposed. The fourth and final 

aim of this thesis was to examine interval timing in rats in which circadian rhythmicity 

had been disrupted by long-term exposure to bright constant light or by chronic intake of 

25% deuterium oxide (D2O) to better understand the relationship between the two 

systems. 



38 

Chapter 2.  
General Methods for Chapters 3-5 

2.1. Animals 

Adult male Sprague-Dawley rats (crl:SD) were obtained from Charles River 

Laboratories (Quebec, Canada; N=35 total; aged ~2 months and weighing 225-250g at 

the start of experimentation). Animals were housed individually in operant chambers 

inside a humidity, and temperature controlled (~22°) vivarium in a 12:12 light:dark (LD) 

cycle or constant dim light (LLdim; ~60 lux). Diet consisted of 20mg food pellets (Purina 

TestDiet Precision Pellets, St Louis, MO) with water available ad-libitum throughout all 

experiments. Animal health was checked once daily when experimental conditions 

allowed. Chamber bedding was changed twice weekly and rats were weighed once 

weekly. All experimental procedures were approved by the University Animal Care 

Committee at Simon Fraser University (permit 1233p-17) and conformed to the 

Canadian Council on Animal Care’s Guide to the Care and Use of Experimental Animals 

and Canada’s Animals for Research Act. 

2.2. Apparatus 

Seven identical operant chambers were housed within individual ventilated 

sound-attenuation cubicles equipped with white lights (~60 lux) and an exhaust fan. The 

front panels of the operant chambers were outfitted with a retractable lever and a food 

trough. Food troughs were modified by use of a photobeam to allow for detection of food 

bin inspections (‘nose-pokes’). Pellets were provided via a 20mg pellet dispenser (Med 

Associates, ENV-203-20) positioned outside the chamber and attached to the food 

trough. Operant chambers were modified to allow for insertion of water bottles and 

plastic tops were replaced with wire mesh to allow for recording of locomotor activity 

using overhead infrared motion sensors. Operant responses (lever presses or nose-

pokes) and reinforcements were summed and stored in 1-min intervals. Nose-pokes 

were detected when the rat inspected the pellet dispenser cup, breaking a photobeam 

positioned horizontally above the cup. Operant response, reinforcement delivery, and 

data collection were controlled by a Pentium PC running Med-PC for Windows software 

(version 4.24; Med-Associates). Activity counts measured by overhead motion sensors 
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were summed and stored in 1-min intervals using the ClockLab data acquisition system 

(Actimetrics, IL, US). 

2.3. Quantification and Statistical Analysis 

The values reported in the text are mean ± SEM. For visual inspection, general 

cage activity (measured by overhead infrared motion sensors) and operant responses 

(lever pressing and/or nose-poking) were summed in 10-min bins and plotted in the 

standard raster plot format using Circadia (Dr. T. A. Houpt, Florida State University) and 

Clocklab (Actimetrics, IL), and as 24h waveforms averaging one or more days within and 

across animals, using Prism 9.0 (Graphpad Software Inc., La Jolla, CA, US). Meal 

anticipation was quantified as the sum of activity occurring in the 1.5 hours (4-meal 

schedule) or two hours (3-meal schedule) preceding a mealtime as a proportion of either 

the total amount of daily activity minus feeding activity (in whole-day FAA ratios), or the 

total amount of activity to occur during the intermeal interval (intermeal FAA ratios). FAA 

onsets for each mealtime were either determined using the Clocklab activity onset 

algorithm, with adjustments for outlier points (Chapters 3-4) or were defined as the first 

10-min bin in which the response rate, averaged over days of interest reached 30% of 

the average maximum response rate and did not drop below 30% until meal 

presentation (Chapter 5). 

To evaluate differences in quantitative measures of anticipation between feeding 

conditions separate repeated-measures analyses of variance (ANOVAs) were 

conducted, followed with paired t-tests with Bonferroni corrections where a significant 

main effect was found (Bonferroni corrected alpha pre-set to 0.05). All statistics were 

analyzed using Prism 9.0. 
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Chapter 3.  
Anticipation of >2 Daily Meals 

3.1. Introduction 

While entrainment to three daily meals has not been demonstrated using running 

wheels, there is some evidence that mice without running wheels can anticipate 3 or 

more meals, using video analysis of various cage behaviors to measure FAA (Luby et 

al., 2012). Conclusions from that study are limited by the absence of extended food 

deprivation tests to determine whether FAA in the mice was based on interval timing or 

circadian timing (mice do not tolerate extended food deprivation tests). In our experience 

operant responding as a measure of food anticipation has a far higher signal-to-noise 

ratio than general locomotor activity. Furthermore, reports that rats could not anticipate 

three daily mealtimes did not control for food intake at each mealtime, and instead 

assumed that rats would distribute their food intake equally across the three access 

periods. Use of an operant response would allow for precise measurement and greater 

control over the amount of food eaten, ensuring that rats distribute their feeding equally 

across the mealtimes. We decided to test whether two was the limit to the number of 

daily meals rats can anticipate by placing SCN-intact or SCN-ablated rats on three or 

four daily meal schedules, using an operant measure of anticipation, and strictly 

controlling for food intake. 

3.2. Methods 

3.2.1. Animals 

All data were collected from 21 adult male Sprague-Dawley rats (crl:SD, Charles 

River Laboratories, Quebec, Canada), aged ~2 months (225-250g) at the start of 

experimentation, split into three groups. 

3.2.2. Procedures 

Group 1: N=7, SCN-intact 
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3-meal feeding schedule: Group 1 rats (N=7, SCN-intact) housed in a 12:12 LD 

cycle were first trained to press a lever for a 20mg food pellet reward (Purina TestDiet) 

using a continuous reinforcement schedule with food obtained only via operant 

response. Following response acquisition and 7-day ad-libitum baseline, rats were then 

food deprived for 24 hours and subsequently restricted to three ~30-minute meals per 

day presented at eight-hour intervals (ZT2, ZT10, and ZT18). Unreinforced operant 

responding prior to mealtime was used as a measure of anticipatory activity. Meal 

durations for each rat were adjusted as necessary to keep meal sizes approximately 

equal across mealtimes. Following 21 days on the three-meal schedule, Group 1 rats 

were food deprived in constant dark conditions for ~2.5 days (50 hours). After food 

deprivation, rats were given one day of ad-libitum feeding, before resuming the three-

meal schedule. After day 13 on the three-meal schedule, the meal at ZT2 was eliminated 

and the rats maintained on a two-meal schedule (ZT10 and ZT18) for an additional 11 

days. The rats were then food deprived in constant dark conditions for ~3.5 days (84 

hours). 

Figure 3.1. Group 1 three-meal feeding schedule 

 

4-meal feeding schedule: Following a 7-day ad-libitum recovery period, Group 1 

rats were then trained to nose-poke for a food pellet reward. Following response 

acquisition and ad-libitum baseline (10 days), the rats were food deprived for 24-hours 
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and subsequently restricted to four ~20-minute daily mealtimes presented at six-hour 

intervals (ZT3, 9, 15, and 21). Rats were maintained on the four-meal feeding schedule 

for 40 days, during which time two ‘probe days’ were given, in which feeding was 

withheld for the day. One of these probe days (day 15) was done in constant darkness, 

while the other (day 33) was done under standard lighting conditions. Following 40 days 

of the four-meal feeding schedule rats were once again food deprived in constant dark 

conditions for 2 days and then placed back on the four-meal feeding schedule. Following 

an additional 18 days of the four-meal schedule the ZT9 mealtime was eliminated, and 

the rats were maintained on three meals per day for 10 days. The rats were then food 

deprived in constant dark for 3 days. 

Figure 3.2. Group 1 four-meal feeding schedule 

 

Group 2: N=6 rats, SCN-lesioned 

3-meal schedule: Following SCN-lesion surgeries, recovery, and behavioral 

confirmation of arrhythmicity, six SCN-lesioned rats, and one intact ‘control’ rat, were 

trained to lever press for a food pellet reward. Following response acquisition and 10 

days ad-libitum baseline, rats were subsequently food deprived for 24 hours and 
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restricted to three ~30-min meals per 24 hours at eight-hour intervals. After 28 days on 

the three-meal schedule, rats were food deprived in constant conditions for ~3.5 days 

(86-hours). Rats were then given a six-day ad-libitum recovery period at which point they 

were food deprived for 24-hours and placed back on the three-meal feeding schedule. 

Following day 16 on the three-meal schedule one of the three mealtimes was omitted for 

10 days, at which point rats were food deprived in constant conditions for ~3.5 days (80-

hours). 

Figure 3.3. Group 2 three-meal feeding schedule 

 

Group 3: N=7, SCN-lesioned 

3-meal schedule: Following SCN-lesion surgeries, recovery, and behavioral 

confirmation of arrhythmicity, 7 SCN-lesioned rats were trained to lever press for a food 

pellet reward. Following response acquisition and 10 days ad-libitum baseline, the rats 

were subsequently food deprived for 24 hours and restricted to three ~30-min meals per 

24 hours at eight-hour intervals. Group 3 rats were maintained on the three-meal feeding 

schedule for 39 days, during which time on three separate days one of the three 

mealtimes was skipped. The rats were then food deprived for ~3.5 days (85-hours) in 



44 

constant lighting conditions. Following a 5-day ad-libitum recovery period, the rats were 

once again food deprived for 24 hours and placed back on the three-meal feeding 

schedule for 31 days. After day 31, one of the three mealtimes was omitted for an 

additional 10 days, at which point the rats were again food deprived for ~3 days (~76 

hours). 

Figure 3.4. Group 3 three-meal feeding schedule 

 

3.2.3. Surgery and Histology 

Rats undergoing surgery for SCN ablation (Groups 2 and 3, N=7 each, aged ~4 

months and weighing 275-350g at the time of surgery) were anesthetized using a 

combination of ketamine (90mg/kg, i.p.) and xylazine (15mg/kg, i.p.) and pretreated with 

Metacam (1mg/kg, s.c.) and 5cc lactated ringer solution. Two bilateral radiofrequency 

lesions (total of four lesions per animal) were aimed at the SCN, using stereotactic 
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coordinates set at 0mm and -0.5mm posterior to bregma, ±0.4mm lateral, and 9.3mm 

ventral to skull, with the head leveled. A direct current was passed for 15 seconds 

through epoxy coated insect pins (#01, ~0.05mm tip exposed). Following surgery, 

anesthesia was reversed using atipamezole (1mg/kg, s.c.) and the rats were treated with 

buprenorphine (0.02mg/kg, s.c.) and 5cc lactated ringer solution. The rats were then 

placed in a quiet room where they could be observed and treated as necessary by 

animal care staff. Following three days of post-operative care, the rats were then moved 

back into the experimental room where general locomotor activity recordings resumed. 

Behavioral arrhythmicity was assessed by visual inspection of locomotor activity records 

and both chi-square and Lomb-Scargle periodograms conducted on a 10-day window in 

which rats were left completely undisturbed. 

Following behavioral testing, rats with SCN-lesions were deeply anesthetized 

with CO2, perfused through the heart with 0.01M PBS, followed by 4% 

paraformaldehyde. Brains were extracted and post-fixed overnight in 4% 

paraformaldehyde and then transferred to 30% sucrose solution for at least two days. 

Frozen sections were then cut in the coronal plane at 50μm through the anterior 

hypothalamus. Sections were mounted on slides and stained with cresyl violet for light 

microscopic examination of lesion placement. 

3.3. Results 

3.3.1. SCN-intact rats ready anticipate three, and in some cases four, 
daily meals 

Within three weeks of initiating restricted feeding all rats displayed anticipatory 

activity to three meals per day. Contrary to previous reports, individual rats displayed 

anticipatory bouts to all three meals concurrently (i.e., on the same day, Fig. 3.5a & 

3.6a-b), though expression of FAA was less stable than is usually observed in 

anticipation of single daily meals (Fig. 3.5b). Both intermeal and whole-day anticipation 

ratios were significantly elevated relative to ad-libitum baseline for all three meals (n = 7 

rats, all p < 0.05, Bonferroni-corrected paired t-tests; Fig. 3.5c). 
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Figure 3.5. Rats anticipate three daily meals 

 
A. Group mean (±SEM) lever pressing activity (normalized within rats) averaged across the last 
10 days of restricted feeding in LD 12:12 for the 3-meal feeding schedule, N = 7 rats. Mealtimes 
are denoted by shaded green boxes. Time is plotted in 10-min bins from left to right. B. Lever 
pressing activity record from a representative rat maintained on the 3-daily meal schedule. Data 
are plotted in 10-min bins from left to right. Consecutive days are aligned top-to-bottom. Mealtime 
is denoted by green opaque boxes. Food deprivation after the feeding schedule is denoted by red 
shading. C. Group mean (±SEM) intermeal (top) or whole-day (bottom) FAA ratios for each of the 
three mealtimes. Significant differences at p<0.05 are indicated by an asterisk. N = 7 rats. D. 
Normalized group mean (±SEM) lever pressing activity during food deprivation in constant dark. 
Previous zeitgeber time is indicated on the x-axis. Omitted mealtimes are indicated by red shaded 
boxes. N = 7 rats. 
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Figure 3.6 Group 1: Proportion of meals concurrently anticipated on the three-
meal schedule 

 
A. Average proportion of days in which rats displayed anticipation of one (orange), two (yellow), 
or all three (light green) daily meals. B. Proportion of days during the 3-meal schedule that each 
rat displayed anticipation of one, two, or three daily meals. C. Probability of lever pressing during 
the scheduled mealtime during ad-lib baseline (clear bars) or restricted feeding (shaded bars) 
during each of the three mealtimes. Significant differences between ad-lib baseline and restricted 
feeding at p<0.05 are indicated by an asterisk. N = 7 rats. 

To test whether anticipation was dependent upon the type of operant response, 

and to further test the limits of anticipation of multiple daily meals, Group 1 rats were 

then trained to nose-poke for a food pellet reward. Following response acquisition and 

ad-libitum baseline (10 days), the rats were food deprived and subsequently restricted to 

four ~20-minute daily mealtimes presented at six-hour intervals (ZT3, 9, 15, and 21). 

Visual inspection of average waveforms and actograms revealed that at least 4 

of 7 rats displayed anticipation of all four meals per day concurrently, though anticipation 

was not as robust or as stable as observed in three-meal anticipation (Fig. 3.7a-b, 3.8a-

b). Both intermeal and whole-day anticipation ratios were significantly elevated relative 

to ad-libitum baseline for all four meals (n = 7 rats, all p < 0.05, Bonferroni-corrected 

paired t-tests; Fig 3.7c). The remaining 3 rats displayed anticipation of 3 of the 4 meals, 

with none of these anticipating the ZT3 mealtime. 
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Figure 3.7. Rats can anticipate four daily meals 

 
A. Group mean (±SEM) nose-poking activity (normalized within rats) averaged across the last 10 
days of restricted feeding in LD 12:12 for the 4-meal feeding schedule, N = 7 rats. Plotting 
conventions as in Figure 3.5. B. Lever pressing activity record from a representative rat 
maintained on the 4-daily meal schedule. C. Group mean (±SEM) intermeal (top) or whole-day 
(bottom) FAA ratios for each of the four mealtimes. Significant differences between ad-lib 
baseline (clear bars) and restricted feeding (filled bars) at p<0.05 are indicated by an asterisk. N 
= 7 rats. D. Normalized group mean (±SEM) nose-poking activity during food deprivation in 
constant dark. Previous zeitgeber time is indicated on the x-axis. Omitted mealtimes are indicated 
by red shaded boxes. 

Figure 3.8. Group 1: Proportion of meals concurrently anticipated on the four-meal 
schedule 

 
A. Average proportion of days which rats displayed anticipation of two (yellow), three (light 
green), or all four (dark green) daily meals. B. Proportion of days during the 4-meal schedule that 
each rat displayed anticipation of two, three, or four daily meals. C. Probability of lever pressing 
during the scheduled mealtime during ad-lib baseline (clear bars) or restricted feeding (shaded 
bars) for each of the four mealtimes. Significant differences between ad-lib baseline and 
restricted feeding at p<0.05 are indicated by an asterisk. N = 7 rats. 
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3.3.2. Anticipation of multiple daily meals persists during food 
deprivation in constant dark 

Various mechanisms could account for rats’ ability to anticipate more than two 

daily meals, including ‘hourglass’-type and stop-watch-type interval timing, or reliance 

upon one or more entrained oscillators. A hallmark property of oscillator-based circadian 

processes is their self-sustained nature; in the absence of environmental cues or 

resetting stimuli, activity rhythms will persist at or near the original periodicity of the 

stimulus. Interval timing and hourglass-type mechanisms by definition do not auto-reset 

after timing one interval and therefore do not persist when feedings are withheld. To rule 

out interval timing and hourglass mechanisms underlying anticipation of three daily 

meals, following 21 days on the three-meal feeding schedule and 36 days on the four-

meal feeding schedule, rats were food deprived and left in their chambers for either two 

days (three-meal schedule) or three days (four-meal schedule) in constant dark 

conditions. 

In both the three- and four-meal feeding schedules, food anticipatory activity to 

all mealtimes persisted beyond the first day of total food deprivation in constant dark in 

at least 4 of 7 rats (Fig. 3.5b, 3.5d; 3.7b, 3.7d). 

3.3.3. Complete SCN-ablation eliminates light-entrainable circadian 
rhythms 

All Group 2 rats with attempted SCN-ablation were judged to have 

unambiguously complete SCN lesions. All lesions were large, with minor damage to 

structures surrounding the SCN (Fig 3.9a). One intact rat was included as a ‘sham 

control’ animal (rat 19). As there were no observable differences between the lesioned 

rats and the control rat, the control rat’s data is presented here along with the lesioned 

animals. Data from the sham-lesion animal is not included in group quantitative 

measures. 

For Group 3, only one animal was deemed to have a complete SCN ablation (rat 

28), several rats displayed partial lesions (rat 24, 10%; rat 25, 10%; rat 31, 20%; rat 32, 

~50%) and in all others the SCN was left entirely intact (Fig 3.9b). 
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Figure 3.9. SCN lesion placement 

 
A. Histology from Group 2 (A) and Group 3 (B) SCN lesioned rats starting from just anterior to the 
SCN (top) and ending slightly posterior to the SCN (bottom). 

Following surgery and at least one week of recovery time, Group 2 and 3 rats 

were left undisturbed in their cages for either 10- (Group 2) or 14-days (Group 3) for the 

purposes of analyzing behavioral rhythmicity. 



51 

Visual inspection of activity records for Group 2 confirmed the absence of 

circadian rhythmicity in all SCN-lesioned rats. The ‘control’ rat displayed a distinct free-

running period with a long tau (~25-hours), consistent with an intact animal housed in 

constant light. Using data from the 10-day block during which the rats were undisturbed, 

Lomb-Scargle periodogram analyses detected significant rhythmic components in the 

ultradian range (5-10 hours) in all rats. Significant, but very low amplitude, rhythmic 

components in the 20-30-hour range were observed in two of the lesioned rats, though 

the amplitudes of these rhythmic components were an order of magnitude lower than 

that observed in the intact ‘control’ rat (rat 19, Fig. 3.5), who exhibited a very high 

amplitude rhythmic component at ~25.5 hours. 

Group 3 rats showed much more variability than those in Group 2. Visual 

inspection of activity records seemed to indicate a lack of rhythmicity in 4 of 7 rats. The 

remaining three rats had relatively clear rhythmic components in the 25-26-hour range. 

Using data from the 14-day block in which the rats were left undisturbed, Lomb-Scargle 

periodogram analysis detected significant rhythmic components in the ultradian range 

(5-10 hours) in all rats. Significant high amplitude rhythmic components in the 25-26-

hour range were observed in three rats (rats 24, 26, and 30). Low amplitude, significant 

components, in the 20-30-hour range were observed in three other rats (rats 28, 31, and 

32). Finally, a lack of any rhythmic component in the circadian range was observed for 

one rat (rat 25). (Figure 3.10). 
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Figure 3.10. Group 2 and 3 behavioral rhythmicity 

 
Locomotor activity of all rats in Group 2 (left panel) and Group 3 (right panel) maintained in 
constant dim light with food available ad-libitum, to assess rhythmicity prior to restricted feeding 
schedules. For each rat, there is a double-plotted activity record of activity measured by motion 
sensors. The results of periodogram analyses to detect rhythmicity are illustrated to the right of 
each actogram (upper right = Lomb-Scargle method; lower right = chi-square method). 

3.3.4. Anticipation of three daily meals is not dependent upon an 
intact SCN 

One way that rats could anticipate more than one daily mealtime, in a circadian 

fashion, without reliance upon ‘hourglass’ or interval timers, would be to associate the 

phase of an entrained oscillator, such as the SCN, with associated mealtime. Phase of 

the SCN could then act as an internal time cue (a conditioned stimulus) that predicts 

food presentation, signaling to the rat when to become active and search for food. 

Conceptually, the SCN would be functioning as a ‘continuously-consulted clock’ 

(Pittendrigh et al., 1958), providing a continuous readout of circadian phase that is 

available for associative learning processes mediated by circuits elsewhere in the brain. 

Phase marking is well established in honeybees and birds, which can link ‘phase’ of 
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mealtime with ‘place’ of food availability (circadian ‘time-place association’, TPA). 

Rodents also appear capable of circadian TPA, but evidence from SCN lesion studies 

indicate that this does not require a functional light-entrained circadian pacemaker 

(Mistlberger et al., 1996). To rule out the role of the SCN in anticipation of three daily 

meals, following behavioral confirmation of arrhythmicity (see Fig 3.10), six SCN-

lesioned rats, and one intact ‘control’ rat (Group 2), were trained to lever press for a food 

pellet reward. Following response acquisition and 10 days ad-libitum baseline, rats were 

subsequently food deprived and restricted to three ~30-min meals per 24 hours at eight-

hour intervals. Contrary to previous reports, some rats displayed anticipatory bouts to all 

three meals on the same day (Fig. 3.11a-b, 3.12a-b). Both intermeal and whole-day 

anticipation ratios were significantly elevated relative to ad-libitum baseline for all three 

meals (n = 6 rats, all p < 0.05, Bonferroni-corrected paired t-tests; Fig. 3.11c). When 

subsequently food deprived following 28 days of the three-meal schedule at least 3 of 6 

rats showed activity persisting around the previous mealtime for at least two days (Fig. 

3.11a, d). In individual rats, and as a group, this mealtime associated activity persisted 

with a period of >24 (Fig. 3.11d). 

Figure 3.11 Anticipation of three daily meals in SCN-lesioned rats 

 
A. Lever pressing activity record from Rat #1, a representative SCN-lesioned rat, maintained on 
the 3-daily meal schedule. B. Group mean (±SEM) lever pressing activity (normalized within rats) 
averaged across the last 10 days of restricted feeding, N = 6 rats. C. Group mean (±SEM) 
intermeal (top) or whole-day (bottom) FAA ratios for each of the three mealtimes. Significant 
differences between ad-lib baseline (clear bars) and restricted feeding (filled bars) at p<0.05 are 



54 

indicated by an asterisk. N = 6 rats. D. Normalized group mean (±SEM) lever pressing activity 
during food deprivation. Omitted mealtimes are indicated by red shaded boxes. N = 7 rats. 

Figure 3.12. Group 2: Proportion of meals concurrently anticipated on the three-
meal schedule in SCN-lesioned rats 

 
A. Average proportion of days which rats displayed anticipation of no (red), one (orange), two 
(yellow), or all three (green) daily meals. B. Proportion of days during the 3-meal schedule that 
each rat displayed anticipation of no, one, two, or three daily meals. C. Probability of lever 
pressing during the scheduled mealtime during ad-lib baseline (clear bars) or restricted feeding 
(shaded bars) for each of the three mealtimes. Significant differences between ad-lib baseline 
and restricted feeding at p<0.05 are indicated by an asterisk. N = 6 rats. 

Anticipation of three daily meals was confirmed using a third group of rats (Group 

3), some of which had sustained partial or complete SCN-lesions, housed in constant 

dim light. Following response acquisition and 10 days ad-libitum baseline, rats were 

subsequently food deprived and restricted to three ~30-min meals per 24 hours at eight-

hour intervals. As in Group 2, some rats displayed anticipatory bouts to three daily 

mealtimes in succession (Fig. 3.13a-c & 3.14a-b). Both intermeal and whole-day 

anticipation ratios were significantly elevated relative to ad-libitum baseline for all three 

meals (n = 7 rats, all p < 0.05, Bonferroni-corrected paired t-tests; Fig. 3.13d). When 

individual mealtimes were omitted all rats showed mealtime associated activity, even in 

cases where anticipation had not been evident. In these cases, activity occurred at a 

delayed phase angle relative to the skipped mealtime (Fig. 3.13a). When subsequently 

food deprived for three days following 41 days on the three-meal schedule, all but one 

rat showed at least some evidence of persisting FAA to all three mealtimes (Fig. 3.13a, 

c). 
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Figure 3.13. Anticipation of three daily meals in SCN-lesioned, partial SCN-
lesioned, and intact rats in LL 

 
A. Lever pressing activity record from rat #31, a representative Group 3 rat, maintained on the 3-
daily meal schedule. B. Group mean (±SEM) lever pressing activity (normalized within rats) 
averaged across the last 10 days of restricted feeding. C. Normalized group mean (±SEM) lever 
pressing activity during food deprivation. Omitted mealtimes are indicated by red shaded boxes. 
D. Group mean (±SEM) intermeal (top) or whole-day (bottom) FAA ratios for each of the three 
mealtimes. Significant differences between ad-lib baseline (clear bars) and restricted feeding 
(filled bars) at p<0.05 are indicated by an asterisk. N = 7 rats.  

Figure 3.14. Group 2: Proportion of meals concurrently anticipated on the three-
meal schedule in SCN-lesioned rats 

 
A. Average proportion of days which rats displayed anticipation of no (red), one (orange), two 
(yellow), or all three (green) daily meals. B. Proportion of days during the 3-meal schedule that 
each rat displayed anticipation of no, one, two, or three daily meals. C. Probability of lever 
pressing during the scheduled mealtime during ad-lib baseline (clear bars) or restricted feeding 
(shaded bars) for each of the three mealtimes. Significant differences between ad-lib baseline 
and restricted feeding at p<0.05 are indicated by an asterisk. N = 7 rats. 



56 

3.3.5. Anticipatory activity following elimination of a mealtime 
responds in an SCN-dependent manner 

Part of the evidence underpinning the food-entrainable circadian oscillator model 

of food-anticipatory activity is the gradual rather than immediate shifting of FAA following 

a shift of mealtime. The interpretation of this response is that the phase of the food-

entrained oscillator is shifted by feeding-related stimuli and will be advanced or delayed 

depending on the timing of food intake. If anticipation of three or four daily meals is 

mediated by multiple (i.e., 3 or 4), dissociable food-entrained oscillators, then elimination 

of one of the mealtimes would likely result in shifting of the anticipatory activity 

associated with that mealtime as the driving oscillator for that bout of activity is shifted by 

one of the remaining meals. Failure to observe shifting of mealtime associated activity to 

one of the remaining mealtimes would be more consistent with a single oscillator, 

consulted clock model. 

After two days of food deprivation and a one-day ad-libitum recovery period, 

Group 1 rats were returned to the three meals per day feeding schedule. Following an 

additional 13 days of the three-meal schedule the ZT2 mealtime was eliminated and the 

rats continued on two meals per day for 12 days, followed by three days without food in 

constant dark. 

Mealtime associated operant responding persisted for several days when the 

ZT2 mealtime was eliminated (Fig. 3.15c-d). For the 5 rats that continued to show 

residual anticipatory activity, the timing remained stable over at least four subsequent 

days, with peak activity occurring 51 ± 16 min after ZT2 on Day 1 and 20 ±16 min after 

ZT2 on Day 5 (t(4) = 0.801, p = 0.468; Fig 3.15c). Anticipation ratios for the last five days 

of skipped ZT2 meals were significantly decreased at ZT2 compared to pre-skipped 

meals (n = 7 rats, both p < 0.05, Bonferroni-corrected paired t-tests), while anticipation 

ratios at the ZT10 and ZT18 mealtimes remained unchanged (n = 7 rats, all p > 0.05, 

Bonferroni-corrected paired t-tests; Fig. 3.15b). Activity did not re-emerge at the former 

ZT2 mealtime during subsequent food deprivation in constant dark (Fig. 3.15c). 
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Figure 3.15. FAA extinguishes gradually and does not shift when one meal is 
excluded from a three-meal schedule in intact rats in LD 

 
A. Intermeal FAA ratios for the two remaining mealtimes (ZT10 in orange, ZT18 in black) and the 
skipped meal for each day of the skipped ZT2 meal schedule (blue). FAA ratios for the skipped 
ZT2 meal that are significantly different (p<0.05) from the ZT10 mealtime are indicated by an 
asterisk. Those that differ significantly from both ZT10 and ZT18 mealtimes are indicated by a 
hashmark. N=7 rats B. Group average intermeal FAA ratios (±SEM) for each mealtime averaged 
over the 10 days before skipped ZT2 meals (light shaded boxes) or averaged over the last 5-days 
of skipped ZT2 meals (hashed boxes). Ratios significantly different from those of pre-skipped 
meals (p< 0.05, Bonferroni corrected) are indicated by an asterisk. N = 7 rats. C. Lever pressing 
activity record from a representative rat. D. Normalized group mean (±SEM) lever pressing 
activity averaged over the first 5 days of skipped ZT2 meals. 

As in the three-meal schedule, when one of four daily meals (ZT9) was 

eliminated, mealtime associated operant responding persisted for multiple days before 

gradually damping out (Fig. 3.16). For the four rats that continued to show residual 

anticipatory activity, the timing remained stable over at least four subsequent days of 

skipped ZT9 meals, with peak activity occurring at 63 ± 18 min after ZT9 on Day 1 and 

70 ± 9 min after ZT9 on Day 5 (t(3) = 0.775, p = 0.495; Fig. 3.16c). Anticipation ratios for 

the last five days of skipped ZT9 meals were significantly decreased at ZT9 compared to 

pre-skipped meals (N = 7 rats, both p < 0.05, Bonferroni-corrected paired t-tests), while 

anticipation ratios at the ZT3, ZT15 and ZT21 mealtimes remained unchanged (n = 7 

rats, all p > 0.05, Bonferroni-corrected paired t-tests; Fig. 3.16b). In two rats, residual 
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anticipatory activity persisted significantly beyond the first four days of skipped ZT9 

meals, showing a slight delay in phase. However, in no case did it merge with an 

anticipatory bout of activity associated with another mealtime. Activity at the skipped 

mealtime did not re-emerge when the animals were subsequently food deprived in 

constant dark (Fig. 3.16c). 

Figure 3.16. FAA extinguishes gradually and does not shift when one meal is 
excluded from a four-meal schedule in intact rats in LD 

 
A. Intermeal FAA ratios for the three remaining mealtimes and the skipped meal for each day of 
skipped ZT9 meals. FAA ratios for the skipped ZT9 meal that are significantly different (p<0.05) 
from at least one remaining mealtime are indicated by an asterisk, those significantly different 
from all three are indicated by a hashmark. N = 7 rats. B. Group average intermeal FAA ratios 
(±SEM) for each mealtime averaged over the 10 days before skipped ZT9 meals (light shaded 
boxes) or averaged over the last 5-days of skipped ZT9 meals (hashed boxes). Ratios 
significantly different from those of pre-skipped meals (p< 0.05, Bonferroni corrected) are 
indicated by an asterisk. N = 7 rats. C. Nose-poking activity record from a representative rat. D. 
Normalized group mean (±SEM) nose-poking activity averaged over the first 5 days of skipped 
ZT9 meals. 

In SCN-lesioned rats (Group 2), when one of three daily meals was eliminated, 5 

of the 6 rats continued to show residual mealtime associated lever pressing (Fig. 3.17). 

In marked contrast to the SCN-intact rats, however, the timing of this residual activity 

bout in all but 1 rat gradually phase delayed over the ensuing ~five days until, by day 7, 

activity bouts merged with anticipatory bouts preceding the following mealtime in all rats. 
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As in the SCN-intact rats, in no case did activity at the skipped mealtime re-emerge 

when the animals were subsequently food deprived (Fig. 3.17a). 

Figure 3.17. FAA shifts when one meal is excluded from a three-meal schedule in 
SCN-lesioned rats 

 
A. Lever-pressing activity records from rat #6 (left) and rat #10 (right), two representative SCN-
lesioned rats taken from a 3-meal per day feeding schedule to 2-meals per day. B. Group mean 
(±SEM) lever presses normalized within rats for days 1, 3, 5, and 7 of skipped meals. N=6 rats. 

Similar results were obtained with Group 3, which included a mix of complete and 

partial and sham SCN lesions. After 30 days on the three-meal schedule, when one of 

three daily meals was eliminated, all rats continued to show meal-time associated lever 

pressing at the skipped mealtime (Fig. 3.18). Similar to Group 2, over the course of 5-7 

days the timing of this residual activity gradually phase delayed and merged with 

anticipatory bouts preceding the following mealtime. As in Groups 1 and 2, in no case 

did activity at the skipped mealtime re-emerge when the animals were subsequently 

food deprived (Fig. 3.18). 
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Figure 3.18. Further evidence that FAA shifts when one meal is excluded from a 
three-meal schedule in SCN-lesioned rats 

 
A. Lever-pressing activity records from rat #24 (left) and rat #30 (right), two representative rats 
from Group 3, taken from a 3-meal per day feeding schedule to 2-meals per day. B. Group mean 
(±SEM) lever presses normalized within rats for days 1, 3, 5, and 7 of skipped meals. 

3.4. Conclusions 

Contrary to previous reports, rats can anticipate three, and in some cases four, 

daily meals. Anticipation was evident when anticipation was measured as either general 

cage activity (data not shown) or operant responding. Anticipation of three daily meals is 

not dependent upon an intact SCN pacemaker. Furthermore, when a single mealtime 

was eliminated mealtime-associated activity persisted at the same phase and gradually 

extinguished in SCN-intact rats. However, in SCN-ablated rats, mealtime-associated 

activity gradually delayed to the next mealtime in nearly every rat. While the findings in 

intact rats would favor a consulted clock model of multiple meal anticipation, the 

observed transients in SCN-lesioned rats argue strongly against such a model. 
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Figure 3.19. Group 1 3-meal operant activity records 

 

Figure 3.20. Group 1 4-meal operant activity records 

 

Figure 3.21. Group 2 3-meal operant activity records 
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Figure 3.22. Group 3 3-meal operant activity records 

 

Figure 3.23. FAA and time until first pellet delivery for Group 1 3-meal schedule 

 
A. Average pellet deliveries per minute during the 30 minutes of mealtime for the ZT2 (top) and 
ZT18 (bottom) meals on days that rats exhibited high FAA (green) or low/no FAA (red) on each 
day of the schedule. Rats were considered to have exhibited high FAA on a given day when FAA 
onset was deemed to have occurred >10min before start of mealtime. N=7 rats. B. Average time 
into the scheduled meal at which the first pellet delivery occurred for ZT2 meals (top) was 
significantly higher on high FAA days (green) than no/low FAA days (red) (t6 = 4.06, p = 0.007), 
while average time of first pellet delivery for ZT18 meals (bottom) did not differ significantly 
between high and no/low FAA days (t6 = 0.91, p = 0.400). C. Average meal size for ZT2 meals 
(top) was significantly higher on high FAA days (green) than low/no FAA days (red) (t6 = 8.36, p > 
0.001), while average meal size for ZT18 meals (bottom) did not differ significantly between high 
and no/low FAA days (t6 = 2.40, p = 0.054). 
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Figure 3.24. FAA and time until first pellet delivery for Group 1 4-meal schedule 

 
A. Average pellet deliveries per minute during the 30 minutes of mealtime for the ZT3 (top) and 
ZT21 (bottom) meals on days that rats exhibited high FAA (green) or low/no FAA (red) on each 
day of the schedule. Rats were considered to have exhibited high FAA on a given day when FAA 
onset was deemed to have occurred >10min before start of mealtime. One rat was excluded from 
the ZT3 analyses due to a complete lack of high FAA days to the ZT3 meal, while 2 rats were 
excluded from ZT21 analyses due to lack of no/low FAA days to the ZT21 meal. B. Average time 
into the scheduled meal at which the first pellet delivery occurred for ZT3 meals (top) was 
significantly higher on high FAA days (green) than no/low FAA days (red) (t5 = 6.52, p = 0.001), 
while average time of first pellet delivery for ZT18 meals (bottom) did not differ significantly 
between high and no/low FAA days (t4 = 0.90, p = 0.417). C. Average meal size for ZT2 meals 
(top) was significantly higher on high FAA days (green) than low/no FAA days (red) (t5 = 5.37, p = 
0.003), while average meal size for ZT18 meals (bottom) did not differ significantly between high 
and no/low FAA days (t4 = 0.21, p = 0.842). 
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Figure 3.25. Meal sizes for three- and four-meal schedules 

 
Average meal sizes (±SEM) over the last 10 days of each meal for each of the feeding schedules. 
Significantly different meals are indicated by an asterisk (*), otherwise no significant differences 
were found. 

Table 3.1. Chapter 3, all unreported statistics 

Group 1 3-meal  
Intermeal Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(5,30) = 92.88 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

ZT2 AL vs RF t13 = 12.76 p < 0.001 

ZT10 AL vs RF t13 = 13.23 p < 0.001 

ZT18 AL vs RF t13 = 9.98 p < 0.001 

Whole-Day Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(5,30) = 29.36 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

ZT2 AL vs RF t13 = 4.91 p < 0.001 

ZT10 AL vs RF t13 = 5.61 p < 0.001 

ZT18 AL vs RF t13 = 7.00 p < 0.001 

% meals eaten: 

Test Statistic p-value 

RM 1-way ANOVA F(5,30) = 69.03 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   
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ZT2 AL vs RF t13 = 14.44 p < 0.001 

ZT10 AL vs RF t13 = 8.05 p < 0.001 

ZT18 AL vs RF t13 = 3.79 p = 0.002 

Group 1 4-meal 
 Intermeal Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(7,42) = 23.65 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

ZT3 AL vs RF t13 = 9.76 p < 0.001 

ZT9 AL vs RF t13 = 3.86 p = 0.002 

ZT15 AL vs RF t13 = 4.00 p = 0.001 

ZT21 AL vs RF t13 = 3.88 p = 0.001 

Whole-Day Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(7,42) = 17.01 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

ZT3 AL vs RF t13 = 4.06 p = 0.001 

ZT9 AL vs RF t13 = 5.35 p < 0.001 

ZT15 AL vs RF t13 = 3.10 p = 0.014 

ZT21 AL vs RF t13 = 3.18 p = 0.011 

% meals eaten: 

Test Statistic p-value 

RM 1-way ANOVA F(7,42) = 34.10 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

ZT3 AL vs RF t13 = 7.99 p < 0.001 

ZT9 AL vs RF t13 = 7.69 p < 0.001 

ZT15 AL vs RF t13 = 4.22 p = 0.001 

ZT21 AL vs RF t13 = 8.04 p < 0.001 

Group 2 3-meal 
Intermeal Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(5,25) = 48.02 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

Meal 1 AL vs RF t11 = 10.00 p < 0.001 

Meal 2 AL vs RF t11 = 7.63 p < 0.001 

Meal 3 AL vs RF t11 = 8.96 p < 0.001 

Whole-Day Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(5,25) = 8.97 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   
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Meal 1 AL vs RF t11 = 4.40 p = 0.001 

Meal 2 AL vs RF t11 = 3.58 p = 0.004 

Meal 3 AL vs RF t11 = 3.29 p = 0.009 

% meals eaten: 

Test Statistic p-value 

RM 1-way ANOVA F(5,25) = 27.55 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

Meal 1 AL vs RF t11 = 6.28 p < 0.001 

Meal 2 AL vs RF t11 = 7.37 p < 0.001 

Meal 3 AL vs RF t11 = 6.59 p = 0.002 

Group 3 3-meal 
Intermeal Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(5,30) = 45.38 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

Meal 1 AL vs RF t13 = 9.70 p < 0.001 

Meal 2 AL vs RF t13 = 9.56 p < 0.001 

Meal 3 AL vs RF t13 = 5.77 p < 0.001 

Whole-Day Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(5,30) = 42.21 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

Meal 1 AL vs RF t13 = 6.38 p = 0.001 

Meal 2 AL vs RF t13 = 10.63 p = 0.004 

Meal 3 AL vs RF t13 = 7.22 p = 0.009 

% meals eaten: 

Test Statistic p-value 

RM 1-way ANOVA F(5,30) = 30.17 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

Meal 1 AL vs RF t11 = 6.98 p < 0.001 

Meal 2 AL vs RF t11 = 7.52 p < 0.001 

Meal 3 AL vs RF t11 = 6.71 p < 0.001 

Group 1 3-meal Meal Elimination 
Intermeal Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(5,30) = 76.26 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

ZT2: pre-skipped vs last 5 days skipped ZT2 meals t13 = 13.03 p < 0.001 

ZT10: pre-skipped vs last 5 days skipped ZT2 meals t13 = 1.79 p = 0.253 

ZT18: pre-skipped vs last 5 days skipped ZT2 meals t13 = 2.01 p = 0.160 
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Whole-Day Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(5,30) = 20.24 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

ZT2: pre-skipped vs last 5 days skipped ZT2 meals t13 = 3.56 p = 0.004 

ZT10: pre-skipped vs last 5 days skipped ZT2 meals t13 = 1.97 p = 0.175 

ZT18: pre-skipped vs last 5 days skipped ZT2 meals t13 = 1.68 p = 0.311 

Group 1 4-meal Meal Elimination 
Intermeal Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(7,42) = 3.299 p = 0.007 

Pairwise comparisons (Bonferroni-corrected p-values):   

ZT3: pre-skipped vs last 5 days skipped ZT9 meals t13 = 2.00 p = 0.208 

ZT9: pre-skipped vs last 5 days skipped ZT9 meals t13 = 3.42 p = 0.006 

ZT15: pre-skipped vs last 5 days skipped ZT9 meals t13 = 1.75 p = 0.348 

ZT21: pre-skipped vs last 5 days skipped ZT9 meals t13 = 0.20 p > 0.999 

Whole-Day Ratios: 

Test Statistic p-value 

RM 1-way ANOVA F(7,42) = 10.25 p < 0.001 

Pairwise comparisons (Bonferroni-corrected p-values):   

ZT3: pre-skipped vs last 5 days skipped ZT9 meals t13 = 1.56 p = 0.505 

ZT9: pre-skipped vs last 5 days skipped ZT9 meals t13 = 3.29 p = 0.008 

ZT15: pre-skipped vs last 5 days skipped ZT9 meals t13 = 1.29 p = 0.812 

ZT21: pre-skipped vs last 5 days skipped ZT9 meals t13 = 1.90 p = 0.259 
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Chapter 4.  
Anticipation of two meals presented at different 
periodicities 

4.1. Introduction 

The dual-FEO model of FAA is also supported by evidence that rats can 

anticipate two mealtimes occurring at differing frequencies (e.g., one meal presented 

every 24-hours and a second meal presented every 26-hours; Stephan, 1989b). While 

complicated, it is conceivable that anticipation of two meals presented at differing 

periodicities could still be accounted for by a consulted clock model. If rats encode the 

phase of the T=26h meal relative to the T=24h mealtime, they could learn to become 

active 24 hours after the presentation of the T=26h meal and remain active for the two 

hours until meal presentation, at which point the encoded phase of the 24-hour clock 

would be updated to the new presentation time. One way to distinguish between this 

computationally complex consulted clock model and separate entrained oscillators would 

be to food deprive the animals for multiple days and observe whether meal-associated 

bouts of activity persist with the periodicity of their associated meal. If no food is 

presented at the 26-hour interval, then the encoded phase cannot be updated, and 

activity would recur at 24-hour, not 26-hour intervals. If activity bouts do recur with 24-

hour and 26-hour periodicities for more than one cycle of food deprivation, that would be 

strong evidence for the presence of two oscillators with different periodicities, exhibiting 

so-called 'aftereffects' of entrainment to 24-hour and 26-hour feeding schedules, 

respectively. While previous studies demonstrating anticipation of meals at two differing 

periodicities showed that anticipation persisted when the animals were subsequently 

food deprived, due to the proximity of the two meals at the time of food deprivation the 

periodicities of the persisting activity bouts could not be ascertained; essentially, only a 

single extended bout of activity was evident (Stephan, 1989b). In the following 

experiments, we sought to confirm that intact and SCN-lesioned rats could anticipate two 

mealtimes with differing periodicities (24- and 26-hours), and test at what periodicities 

bouts of food anticipatory activity would persist when the animals were food deprived. 
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4.2. Methods 

4.2.1. Animals 

All data were collected from the 7 rats in Group 2 from Chapter 3 and an 

additional 14 adult male Sprague-Dawley rats (Groups 4 and 5; crl:SD, Charles River 

Laboratories, Quebec, Canada), aged ~2 months (225-250g) at the start of 

experimentation. 

4.2.2. Procedure 

Group 4: N=7 rats, SCN-intact 

T=24h meal in dark phase: Group 4 rats were first trained to press a lever for 

food pellets. Following response acquisition and 10-day ad-libitum baseline, food was 

then restricted to a single, daily two-hour meal. Once anticipation of the restricted 

feeding schedule had stabilized (14 days), the feeding periodicity was lengthened to 25h 

for 7 days and then to 26h for 9 days, at which point meal duration was shortened to one 

hour and a second, daily 1-hour meal (T=24h) was introduced near the middle of the 

dark phase (ZT17). Following 27 days of the concurrent T=24h and T=26h feeding 

schedule with the T=24h meal occurring in the dark phase, Group 4 rats were food 

deprived in constant dark for ~3.5 days (90 hours). 
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Figure 4.1. Group 4 2T, T=24h meal in dark phase feeding schedule 

 

T=24h meal in light phase: After a three-week, ad-libitum recovery period Group 

4 rats were food deprived for 24 hours and then placed on the same feeding schedule as 

reported above, with the exception that the second daily meal was presented in the 

middle of the light phase (ZT6). Following 27 days on the T=24h/T=26h feeding 

schedule, Group 4 rats were food deprived in constant dark conditions for ~three days 

(86 hours). Rats were then immediately placed back on the concurrent T=24h and 

T=26h feeding schedules for an additional 21 days, at which point the T=24h meal was 

omitted and the T=26h meal was lengthened to two hours for 27 days. Rats were then 

once again food deprived in constant dark for ~3.5 days (86 hours). 
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Figure 4.2. Group 4 2T, T=24h meal in light phase feeding schedule 

 

Group 5: N=7 rats, SCN-intact 

Group 5 rats were first trained to press a lever for food pellets. Following 

response acquisition and a 9-day ad-libitum baseline, food was then restricted to two, 

daily one-hour meals occurring at ZT6 and ZT18. Once anticipation of the two-meal 

restricted feeding schedule had stabilized (20 days), the feeding periodicity of the ZT18 

meal was lengthened to 25 hours for 17 days and then to 26 hours. Rats were 

maintained on the concurrent T=24h and T=26h feeding schedule for a total of 75 days, 

during which time various meals were occasionally omitted, serving as a set of ‘probe 
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days’. Following 75 days of the concurrent T=24h and T=26h feeding schedule, Group 5 

rats were food deprived in constant dark for ~3.5 days (89 hours). 

Figure 4.3. Group 5 2T, T=24h meal in light phase feeding schedule 

 

Group 2: N=7 rats, SCN-lesioned (see Ch. 3) 
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Following SCN-lesion surgeries and behavioral confirmation of arrhythmicity, 6 

SCN-lesioned rats and one ‘sham control’ rat, were trained to press a lever for food 

pellets and were subsequently left in the operant chambers with ad-libitum access to 

food for 10 days. Food was then restricted to two daily one-hour meals 12-hours apart. 

Once anticipation of the two-meal feeding schedule had stabilized (15 days), the feeding 

periodicity of one of the meals was lengthened to 25 hours for 17 days before being 

lengthened to 26 hours. Following 41 days on the concurrent T=24h and T=26h feeding 

schedules, Group 2 rats were food deprived in constant conditions for ~3.5 days (89 

hours). 
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Figure 4.4. Group 2, 2T feeding schedule 

 

4.2.3. Surgery 

Surgeries for Group 2 rats were completed as described in Chapter 3.2.3. 
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4.3. Results 

4.3.1. Rats can anticipate 2 meals presented at differing frequencies 
and anticipatory activity persists with the corresponding 
frequency during food deprivation 

Following response acquisition and 10-day ad-libitum baseline, Group 4 rats then 

had food restricted to a single, daily two-hour meal. Once anticipation of the restricted 

feeding schedule had stabilized, the feeding periodicity was lengthened to 25 hours for 

seven days and then to 26 hours for nine days, at which point meal duration was 

shortened to one hour and a second, daily one-hour meal (T=24h) was introduced near 

the middle of the dark phase (ZT17). This feeding schedule was maintained for 27 days. 

The most compelling evidence for a multiple entrained oscillator model of FAA is 

anticipation of two daily meals with different periodicities in the circadian range (Stephan, 

1983, 1989a). To confirm and extend this finding, Group 4 rats were trained to lever 

press for food reward. Following response acquisition and 10-day ad-libitum baseline, 

rats were then restricted to a single, daily two-hour meal at ZT6. Once anticipation of the 

restricted feeding schedule had stabilized, the period of the feeding schedule was 

lengthened to 25-hours for seven days and to 26-hours for nine days. A second daily 

meal was then provided at ZT17 and both meal durations were reduced to one hour per 

meal. 

Inspection of the activity records revealed concurrent anticipation of both feeding 

periodicities by the third week of the feeding schedule (Fig. 4.5a-c). Anticipation, 

however, was strongly modulated by both the phase relationship between the two meals 

and the LD cycle (see Fig. 4.10). 

While previous studies demonstrating anticipation of meals at two differing 

periodicities showed that anticipation persisted when the animals were subsequently 

food deprived, due to the proximity of the two meals at the time of food deprivation the 

periodicities of the persisting activity bouts were unclear. We sought to test at what 

periodicities bouts of food anticipatory activity to two mealtimes with differing 

periodicities (24- and 26-hours) would persist when the animals were food deprived. 
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Following 27 days of the concurrent T=24h and T=26h feeding schedule with the 

T=24h meal occurring in the dark phase, Group 4 rats were food deprived in constant 

dark for 90 hours. While all rats showed persisting FAA to the T=24h meal, three rats 

clearly displayed two persisting bouts of activity with periodicities approximating those of 

the associated meals (Fig. 4.5d). Average food intake over the last 13 days of the 

concurrent schedule did not significantly differ between the two mealtimes (t6 =0.18, p = 

0.862). 

Figure 4.5. Rats can anticipate two meals presented at differing periodicities 

 
A. Lever pressing activity record from a representative rat during concurrent T=24h and T=26h 
feeding schedules, with the T=24h occurring in the dark phase. Mealtimes are denoted by 
opaque green boxes. Food deprivation in constant dark is indicated by red shading. B & C. Group 
mean (±SEM) lever pressing activity either modulo 24 hours averaged over the 13 days prior to 
food deprivation (B) or modulo 26h averaged over the 12 26-h cycles prior to food deprivation (C). 
D. Group mean (±SEM) lever pressing activity during food deprivation following the concurrent 
T=24h and T=26h feeding schedule. Previous zeitgeber time is indicated on the x-axis, while 
missed mealtimes are indicated by light red shaded boxes with the periodicity of the meal 
indicated above each one. 

After a three-week, ad-libitum recovery period Group 4 rats were placed on the 

same feeding schedule as described above, with the exception that the second daily 

meal was presented at a fixed time of day in the middle of the light phase (ZT6). 

Examination of daily activity records revealed that even after 14 days of the T=24h and 

T=26h feeding schedule concurrent anticipation of both meals was ambiguous (Fig. 

4.6a-c). Over the 13 days prior to food deprivation rats ate significantly more at the 

T=26h meals than the T=24h meals (9.57±0.56g vs 7.46±0.54g, t6 = 7.79, p < .001). 

Despite eating more during the T=26h meal, when rats were food deprived in constant 



77 

dark all rats displayed persisting FAA to the T=24h meal, while no rats showed evidence 

for persistence to the T=26h meal. Persistence to the T=24h meal appeared phase 

delayed relative to mealtime (Fig. 4.6d). 

Figure 4.6. Ambiguous anticipation of two feeding periodicities when T=24h meal 
is scheduled in the light phase 

 
A. Lever pressing activity record from a representative rat during concurrent T=24h and T=26h 
feeding schedules, with the T=24h meal occurring in the light phase. Mealtimes are denoted by 
opaque green boxes. Food deprivation in constant dark is indicated by red shading. B&C. Group 
mean (±SEM) lever pressing activity either modulo 24 hours averaged over the 13 days prior to 
food deprivation (B) or modulo 26h averaged over the 12 26-h cycles prior to food deprivation (C). 
D. Group mean (±SEM) lever pressing activity during food deprivation following the concurrent 
T=24h and T=26h feeding schedule. Previous zeitgeber time is indicated on the x-axis, while 
missed mealtimes are indicated by light red shaded boxes with the periodicity of the meal 
indicated above each one. 

Failure to observe consistent anticipatory activity to a mealtime does not in itself 

rule out entrainment to that mealtime. There are at least two reasons rats may fail to 

show anticipatory activity, despite being entrained to feeding time. First, post-prandial 

satiety could inhibit or mask anticipatory activity to a given mealtime if that mealtime is in 

close temporal proximity to the other meal. Second, interactions between the oscillators 

driving anticipation of both feeding periodicities could result in altered phase angles of 

entrainment to one or both mealtimes. If the phase of entrainment of an oscillator driving 

FAA were sufficiently delayed, meal-time associated activity could be masked by 

presentation of the meal itself. 
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Due to the failure to observe unambiguous anticipation of both meals of the two-

meal schedule when the T=24h meal occurred in the light phase, we decided to further 

explore this schedule in another set of 7 Sprague-Dawley rats (Group 5) using a series 

of meal omissions as ‘probe’ days. Average food intake over the last 26 days of the 

concurrent schedule did not differ between the two mealtimes (t6 = 1.62, p = 0.156). 

Despite a lack of clear anticipation of both meal periodicities, meal omissions 

consistently unmasked meal-time associated activity to the omitted meal, even when 

meals were separated by as little as two hours (Fig. 4.7). This activity often presented 

with a delayed phase angle relative to the meal. These results support the interpretation 

that lack of behavioral anticipation of the two mealtimes at certain phase relationships 

was masked by a combination of post-prandial satiety and a delayed phase angle of 

entrainment. When Group 5 rats were food deprived in constant dark following 80 days 

on the concurrent T=24h and T=26h feeding schedule, several rats showed evidence for 

persisting FAA to both meals at the corresponding periodicity (Fig. 4.8). 

Figure 4.7. Probe days reveal masked anticipation of the 2-T feeding schedule. 

 
A. Group mean (±SEM) lever pressing activity averaged over multiple cycles at specific phase 
relationships between the two meal periodicities (left: T=26h at ZT10; center: T=26h at ZT22; 
right: T=26h at ZT4; all T=24h at ZT6). N = 7 rats. B. Group mean (±SEM) lever pressing activity 
during ‘probe’ days in which one of the mealtimes was skipped. Omitting meals consistently 
revealed previously masked anticipatory activity. N = 7 rats. C. Lever pressing activity records for 
representative rats on the probe days. 
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Figure 4.8. Additional evidence for anticipation of two feeding periodicities when 
T=24h meal is scheduled in the light phase 

 
A. Lever pressing activity record from a representative rat during concurrent T=24h and T=26h 
feeding schedules, with the T=24h meal occurring in the light phase. Mealtimes are denoted by 
opaque green boxes. Food deprivation in constant dark is indicated by red shading. B. Group 
mean (±SEM) lever pressing activity during food deprivation following the concurrent T=24h and 
T=26h feeding schedule. Previous zeitgeber time is indicated on the x-axis, while missed 
mealtimes are indicated by light red shaded boxes with the periodicity of the meal indicated 
above each one. 

4.3.2. Anticipation of two periodicities and subsequent persistence is 
not dependent upon an intact SCN 

To ensure that the 24-hour component of persisting activity was not in fact due to 

SCN-driven circadian rhythmicity, six SCN lesioned rats from the previous set of 

experiments (Group 2 in Chapter 3), whose arrhythmicity had been previously confirmed 

(see Fig 3.10), were trained to press a lever for food pellets and were subsequently left 

in the operant chambers with ad-libitum access to food for ten days. Food was then 

restricted to two daily one-hour meals 12-hours apart. Once anticipation of the two-meal 

feeding schedule had stabilized (15 days), the feeding periodicity of one of the meals 

was lengthened to 25 hours for 17 days before being lengthened to 26 hours. 

While not all rats displayed anticipatory activity to both mealtimes concurrently, 

when a T=26h meal was omitted, all rats displayed anticipatory activity to the ensuing 

T=24h meal, even where anticipation had not been previously evident, again suggesting 

that the lack of behavioral anticipation of the T=24h meal at particular phases was due to 

altered levels of hunger/satiety and not lack of entrainment to the mealtime. Average 

food intake over the last 13 days of the concurrent schedule was significantly higher for 

the T=26h mealtime (9.77±0.28g vs 7.65±0.30g, t6 =5.71, p = 0.002). When food 
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deprived all rats showed persisting FAA to the T=24h meal, and several rats displayed 

two persisting bouts of activity with periodicities approximating those of the associated 

meals (Fig. 4.9). 

Figure 4.9. Anticipation of two meals with differing periodicities does not require 
the SCN 

 
A. Lever pressing activity record from rat #6, a representative SCN-lesioned rat, during 
concurrent T=24h and T=26h feeding schedules. Mealtimes are denoted by opaque green boxes. 
Food deprivation is indicated by red shading. B. Group mean (±SEM) lever pressing activity 
during food deprivation following the concurrent T=24h and T=26h feeding schedule. Missed 
mealtimes are indicated by light red shaded boxes with the periodicity of the meal indicated below 
each one. C. The last ~7 days of the lever pressing activity record from part A, enlarged to 
demonstrate persisting 24- and 26-h components. 

4.3.3. Modulation of FAA by phase relationship between T=24h meals, 
T=26h meals, and the LD cycle 

Examination of activity records and FAA onsets show that expression of FAA is 

strongly modulated by the phase relationship between the two mealtimes, as well as the 

light-dark cycle. Activity onsets show that eating has a profound inhibitory effect on 

activity for up to 6 hours following meal presentation, as seen in suppressed FAA to the 

T=26h meal when it occurs soon after the T=24h meal (Fig 4.10, red dots) and to the 

T=24h meal when it occurs soon after the T=26h meal (Fig 4.10, black squares). This is 

modified by the light-dark cycle, as this post-prandial suppression of activity is markedly 

less apparent during the dark phase and more pronounced during the light. The effect of 

the light-dark cycle is not apparent in the SCN-lesioned animals. 
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Figure 4.10. Modulation of FAA duration by phase relationship between T=24h 
meals, T=26h meals, and the LD cycle 

 
Mean FAA durations (±SEM) to the T=24h mealtime (black) and the T=26h mealtime (red). 
Durations at each phase relationship were determined by taking the average for each rat over 
every useable cycle (some cycles omitted due to probe days) and then averaged over rats. Error 
bars represent variability between rats. X-values are both the Zeitgeber Time at which the T26 
meal occurred and the number of hours without food prior to the indicated mealtime. 

4.3.4. Mealtime associated activity extinguishes gradually, and does 
not shift, in response to an eliminated meal in intact rats 

As in the three and four meal schedules, if anticipation of two feeding 

periodicities is mediated by separate food-entrained oscillators, eliminating one of the 

mealtimes could result in shifting of meal-associated activity as the food-entrained 

oscillator underlying that bout of activity is shifted into phase with one of the remaining 

meals. 
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Immediately following the three-day food deprivation in constant dark, Group 4 

(SCN-intact) rats resumed the two-meal schedule with the T=24h meal occurring in the 

light phase. Following an additional 21 days of the two-meal schedule the T=24h 

mealtime was omitted for 27 days, after which the rats were food deprived and left 

undisturbed in constant dark. 

Consistent with the three- and four-meal schedules, mealtime associated operant 

responding persisted for several days when the T=24h mealtime was omitted. All rats 

continued to show residual anticipatory activity, the timing of which remained stable, 

though phase delayed relative to mealtime, over at least four subsequent days of 

skipped T=24h meals, while anticipation of the T=26h meal remained unchanged (Fig 

4.11a-b). Activity did not re-emerge at the prior T=24h mealtime during subsequent food 

deprivation, while activity to the T=26h meal persisted with a periodicity of ~26 hours. 

Figure 4.11. FAA extinguishes gradually and does not shift when one meal is 
excluded in intact rats in LD 

 
A. Lever pressing activity record from a representative rat during concurrent T=24h and T=26h 
feeding schedules, with the T=24h meal occurring in the light phase, after which the T=24h meal 
is omitted (indicated by the vertical red shading). Mealtimes are denoted by opaque green boxes. 
B. Group mean (±SEM) lever pressing activity for the first 5 days of omitted T=24h meals. 
Previous zeitgeber time is indicated on the x-axis. The omitted mealtime is indicated by the 
shaded red box, while T=26h meals over the 5 days composing the average are indicated by 
hashed green boxes. 
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4.4. Conclusions 

These results confirm Stephan's findings and provide much stronger evidence for 

a multiple entrained oscillator model of food anticipatory activity. First, rats can anticipate 

two daily meals occurring at differing frequencies, though this anticipation is strongly 

modulated by phase relationships between the two meals as well as between the meals 

and the LD cycle (Fig. 4.10). During food deprivation tests, the two bouts persisted with 

a periodicity characteristic of the previous feeding schedule to which each was aligned. 

This is known as an aftereffect of entrainment and may be the strongest possible 

behavioral evidence favoring a multiple entrained oscillator interpretation of two-meal 

anticipation. Notably, even when anticipation for a meal was not evident, it could be 

‘unmasked’ by omitting the meal. This unmasking procedure revealed that rats can 

distinguish between two mealtimes separated by as little as two hours. 

Figure 4.12. Activity records for Group 4 2T with the T=24h meal in dark phase 
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Figure 4.13. Activity records for Group 4 2T with the T=24h meal in the light phase 

 

Figure 4.14. Activity records for Group 5 2T with the T=24h meal in the light phase 
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Figure 4.15. Activity records for Group 2, 2T 
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Figure 4.16. Average meal sizes for all 2T schedules 

 
Meal sizes for both T=24h (grey) and T=26h (red) mealtimes averaged over the last 10 days of 
each schedule. Meal sizes were not significantly different for Group 4 rats when the T=24h meal 
occurred at ZT17 (t6 =0.18, p = 0.862) or Group 5 rats when the T=24h meal occurred at ZT6 (t6 = 
1.62, p = 0.156). Rats, however, ate significantly more for the T=26h meal for both the Group 4 
rats when T=24h meal occurred at ZT6 (t6 = 7.79, p < .001) and for Group 2 SCN-lesioned rats (t6 
=5.71, p = 0.002). 
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Chapter 5.  
Rats utilize a circadian mechanism in the anticipation 
of long, non-circadian intervals, ruling out a role for 
interval timing mechanisms 

5.1. Introduction and Rationale 

Although relatively little attention has been paid to the timing of intervals in the 

hours range, it has been reported that rats can anticipate long, but non-circadian 

intervals (e.g., 14-21 hours) when anticipation is measured by operant responding. In 

one of the few studies examining long-interval timing in rats, rats were found capable of 

timing meals scheduled at either 14- or 24-hours, although the rate of responding 

differed between the two groups (Crystal, 2001a). Furthermore, the duration of food 

anticipation of a daily mealtime was reported to scale with the interval between mealtime 

and lights off, at least for two intervals (3 and 7-hours; Crystal, 2001a). 

Interval timing can be distinguished from circadian timing by several properties. 

First, the anticipatory responding in the timing of short intervals does not persist if the 

cue (or the reward as cue) is omitted (though see Crystal, 2006). Second, timing should 

reset immediately if a reward is provided early or late. Third, the anticipatory response 

distribution should scale with the duration of the interval being timed (though see Bizo et 

al., 2006; Crystal, 1999; Crystal & Baramidze, 2007; Gallistel et al., 2004; Lewis & Miall, 

2009 for deviations). This so-called scalar property, considered a hallmark of interval 

timing, describes the linear relationship between physical intervals and variability in the 

estimates of these intervals, such that variability increases in proportion to the length of 

the interval being timed (Gibbon, 1977). One outcome of this property is that when 

probability of responding is plotted as a function of relative time, the response curves for 

different intervals are superimposable regardless of the length of the interval (Gibbon, 

1977). 

As outlined in the preceding chapters, rats can anticipate three, and in some 

cases four, daily meals. If rats were utilizing an interval timing mechanism to time from 

one feeding event until the next in three or four daily meal schedules, elimination of one 

feeding time should disrupt anticipation of the following mealtime, as the new interval 
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between feeding events would have to be relearned. Failure to observe a dramatic 

change in anticipation of the remaining meals would convincingly rule out interval timing 

between mealtimes. Furthermore, differing intervals between mealtimes should result in 

differing response distributions to the mealtimes, as per the scalar property of interval 

timing. Failure to observe differences in the response distribution to asymmetrical 

feeding schedules would add further evidence against an interval timing mechanism. 

Additionally, in reports of long-interval timing of 16- and 18-hour intervals meals 

fall repeatedly at just a few phases every two or three circadian cycles, e.g., for T=16h, 

meals occur at only three times of day, while for T=18h, meals occur at only four times of 

day (Figs 5.1 & 5.2). Apparent anticipation of 16- and 18-hour feeding schedules could 

therefore be based on entrainment of multiple circadian FEOs, or on discrimination and 

memory for phase of a single circadian oscillator. We conducted additional experiments 

to examine a role for interval timing mechanisms in anticipation of multiple daily meals or 

to other long, non-circadian intervals (16- and 18-hours). 

5.2. Methods 

5.2.1. Animals 

All data were collected from the rats in Groups 1 (SCN-intact, n=7) and 3 (SCN-

ablated, n=6) from Chapter 3, aged ~2 months (225-250g) at the start of 

experimentation. 

5.2.2. Procedure 

Group 1: N=7, SCN-intact  

T=18h feeding schedule: Group 1 rats (N=7, SCN-intact) housed in a 12:12 LD 

cycle were first trained to nose-poke for a 20mg food pellet reward (Purina TestDiet) 

using a continuous reinforcement schedule with food obtained only via operant 

response. Following response acquisition and 7-day ad-libitum baseline, rats were then 

food deprived for 24 hours and subsequently restricted to a two-hour mealtime occurring 

every 18 hours. Unreinforced operant responding prior to mealtime was used as a 

measure of anticipatory activity. An 18-hour feeding cycle resembles a 6-hour feeding 
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cycle, in that meals are given at four distinct circadian phases (in this case ZT3, 9, 15 

and 21), but with 72-hours occurring between meals at any one circadian phase. 

Following 19 days on the T=18h schedule, Group 1 rats were food deprived in constant 

dark conditions for ~3 days (76-hours). 

Figure 5.1. Group 1 T=18h feeding schedule 

 

T=16h feeding schedule: Following an 8-day ad-libitum recovery period, Group 1 

rats were then trained to lever press for a food pellet reward. Following response 

acquisition and ad-libitum baseline (6 days), the rats were food deprived for 24-hours 

and subsequently restricted to a two-hour mealtime occurring every 16 hours. A 16-hour 

feeding cycle resembles an 8-hour feeding cycle, in that meals are given at three distinct 

circadian phases (in this case ZT2, 10, and 18), but with 48-hours occurring between 

meals at any one circadian phase. Following 27 days on the 16-hour feeding schedule, 

rats were then food deprived in constant dark for ~3 days (76 hours). 
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Figure 5.2. Group 1 T=16h feeding schedule 

 

5.3. Results 

5.3.1. Rats utilize multiple circadian oscillators to time six- and eight- 
hour intervals 

If rats were utilizing an interval timing mechanism to time from one feeding event 

until the next in a three daily meal schedule, omission of one feeding time should disrupt 

anticipation of the following mealtime, as no resetting stimulus has been presented for 

the rat to know what to time relative to. Group 3 SCN-lesioned rats, having been 

maintained on a three meal per day feeding schedule for 21 days, systematically had 

each one of the three daily meals skipped, leaving one normal (i.e., three meal) day in 

between each meal omission day. Lever presses on the three omission days were 

averaged for each rat, and then averaged across rats to provide an average waveform of 

responses to the omitted meal. Inspection of the average wave not only showed 

persistent lever pressing activity centered just following the omitted meal but, crucially, 

lever pressing began rising again prior to the following meal (Fig. 5.3). This rise in 

response rate, despite an omitted mealtime, provides evidence that anticipation of one 
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mealtime is not dependent upon the presentation of meals at a prior mealtime. This 

would not be expected if rats were using an interval timing mechanism in three-meal 

anticipation. 

Figure 5.3. Persistence of anticipation despite no resetting stimulus 

 
Group mean (±SEM) lever pressing activity for Group 3 SCN-lesioned rats when each meal out of 
a three-meal schedule is omitted. The omitted mealtimes are indicated by light red shaded boxes. 
Other mealtimes are indicated by green shading. 

One of the defining properties of interval timing is the scalar property, which 

states that the anticipatory response distribution for a given interval should scale with the 

duration of the interval being timed. The three- and four-daily meal feeding schedules 

present the rats with a six- or eight-hour interval from the start of one feeding event until 

the next, respectively. Given the scalar property, if rats were utilizing an interval timing 

strategy, one would expect anticipatory responding to begin earlier in the three-meal 

schedule (eight-hour interval) than in the four-meal schedule (six-hour interval). 

Examination of average waveforms for each of the two intervals in Group 1 rats showed 

no differences in response distributions (Fig 5.4a). To quantify the variability of temporal 

gradients, the width of each rat's gradient was measured by identifying the time of 

transition across 30% of the maximum response rate averaged over 30 or 40 intervals 

(i.e., 10 days). There was no difference in width (measured as time prior to meal onset) 

between the two intervals (t(6) = 1.72, p = 0.136, paired t-test; Fig. 5.4b). 
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Figure 5.4. Comparison of three- and four-meal per day response distributions 

 
A. Normalized group mean (±SEM) operant responses (T=6h = nose pokes, T=8h = lever 
presses) averaged over all mealtimes for 10 days of either the 4-meal per day (T=6h, black) or 3-
meal per day (T=8h, blue) feeding schedules for Group 1 rats. Horizontal dashed line indicates 
30% of the maximum response rate. N=7 rats. B. Average duration of anticipatory activity in the 
3-meal (blue) or 4-meal (black) schedules did not significantly differ (t6 = 1.39, p = 0.214). 

Finally, if rats were utilizing an interval timing mechanism to time from one 

feeding event until the next in three or four daily meal schedules, complete elimination of 

one feeding time should disrupt anticipation of the following mealtime, as the new 

interval between feeding events would have to be relearned. Failure to observe a 

dramatic change in anticipation of the remaining meals would convincingly rule out 

interval timing between mealtimes. Average waveforms for each of the three- and four-

meal feeding schedules showed no change in response distribution to the meal following 

an eliminated mealtime (Fig. 5.5a). Furthermore, there were no significant differences in 

the width of the temporal gradient between any of the intermeal intervals (F(3,18) = 0.634, 

p = 0.603, within-subjects ANOVA; Fig. 5.5b). 
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Figure 5.5. Differing intervals between mealtimes does not affect response 
distribution 

 
A. Mean (±SEM) operant activity of Group 1 rats prior to the ZT10 meal of the 3-meal schedule 
(black) or the ZT15 meal in the 4-meal schedule (blue), averaged over the ten days prior to the 
omitted meals or the last five days of skipped mealtimes (3-meal schedule = red; 4-meal 
schedule = blue). N=7 rats. B. Mean (±SEM) duration of FAA to the ZT10 meal in the 3-meal 
schedule or the ZT15 meal in the 4-meal schedule either prior to (green) or after (red) initiation of 
omitted mealtimes. There were no significant differences in the duration of FAA (F3,18 = 0.63, p = 
0.60). N=7 rats. 

5.3.2. 18-hour feeding schedule induces weak anticipation of four 
daily mealtimes  

Operant responding on the T=18h schedule showed at best weak temporal 

control by mealtime. When averaged over 18-hour cycles, operant responding on the 

T=18h schedule shows a four-hour post-meal pause, a gradual increase in response 

rate over the next 2-3 hours, and relatively stable responding for the remainder of the 

interval (Fig. 5.6b right figure). When the days were sorted and averaged to isolate each 

of the four mealtimes, small peaks were evident at all mealtimes, regardless of when the 

mealtime occurred (Fig 5.6b left figure). The magnitude of the peak at each of the four 

mealtimes, however, varied greatly by phase of the LD cycle interacting with the number 

of hours since the last feeding. 

When food deprived in constant dark, peaks of activity were evident at some of 

the mealtimes (Fig. 5.6c right figure) and averaging the data at 18-hours revealed no 18-

hour rhythm (Fig 5.6c left figure). Evidently, a low amplitude 18-hour rhythm of FAA is 

detectable only because of the post-reinforcement pause after each meal. Low 
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amplitude anticipation at each of the four mealtimes could be mediated by FEOs 

entrained by meals recurring at these times one out of every three days. 

Figure 5.6. Weak anticipation of four mealtimes in rats fed at 18-hour intervals 

 
A. Left: Group mean (±SEM) nose-poke activity in 10-minute bins for two days of ad-libitum 
feeding and one day of food deprivation prior to initiating T=18h feeding schedule. Time of food 
presentation (and initiation of 18h feeding schedule) is indicated by the green shaded box. Right: 
Group mean (±SEM) nose-poke activity averaged over four 18-hour cycles of ad-libitum food 
availability. B. Left: Group mean (±SEM) nose-poke activity in 10-min bins for the last 12 18-hour 
cycles. Data is presented as a 3-day block to highlight the differing response distributions prior to 
the meals at each of the four zeitgeber times. Mealtime is indicated by green-shaded opaque 
boxes. Right: Same data as presented on the left averaged over 12 18-hour cycles. C. Left: 
Group mean (±SEM) nose-poke activity in 10-min bins for the three days of food deprivation in 
constant dark. The four zeitgeber times at which meals had occurred are indicated by pink 
shading. Right. Same data as presented on the left, averaged over four 18-hour cycles. Time of 
the omitted meal is indicated by pink shading. 
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Figure 5.7. No 18-hour rhythm in rats fed at 18-hour intervals 

 
Nose-poke activity record from a representative rat during T=18h feeding schedule folded at 24-
hours (A) or 18-hours (B). Time is plotted left to right in 10-min bins. Mealtime is indicated by the 
opaque green box. Food deprivation in constant dark is indicated by red shading. 

5.3.3. Three-meal anticipation may explain apparent anticipation of 
16-hour intervals 

A 16-hour feeding schedule provides food at three times of day, with 48 hours 

between meals at each time. The fact that rats readily anticipate three meals per day, 

including when multiple meals have been omitted, suggests that rats may be capable of 

timing such an interval. The mechanisms involved however can be inferred based on the 

pattern of activity (i.e., if this is an interval timing-based mechanism, activity should only 

occur in the hours preceding mealtime, whereas if circadian based, activity would occur 

24-hours following each meal even though activity falls in the middle of the supposedly 

timed interval). 

When averaged over 16-hour cycles, operant responding on the T=16h schedule 

shows a 6-hour post-meal pause, stable responding for five hours, and then accelerated 
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responding two hours prior to mealtimes (Fig 5.8b, right figure). This anticipation 

appears to be driven by increased activity at each of the three possible daily mealtimes, 

i.e., three meal anticipation (Fig 5.8b left figure). The amount of activity at each mealtime 

is modulated by the duration of the immediately preceding fast (homeostatic factor). 

When food deprived in constant dark nearly all rats displayed mealtime associated 

activity persisting at the ZT10 and ZT18 mealtimes, while several displayed persisting 

anticipation of all three mealtimes. Averaging the food deprivation days modulo-16-hours 

(three cycles) reveals an 8 hour rather than a 16-hour rhythm, consistent with 

anticipating three mealtimes (Fig 5.8c). 

Figure 5.8. Rats anticipate three daily mealtimes when fed at 16-hour intervals 

 
A. Left: Group mean (±SEM) lever pressing activity in 10-minute bins for two days of ad-libitum 
feeding and one day of food deprivation prior to initiating the T=16h feeding schedule. Time of 
food presentation (and initiation of the 16-hour feeding schedule) is indicated by the green 
shaded box. Right: Group mean (±SEM) lever pressing activity averaged over six 16-hour cycles 
of ad-libitum food availability. B. Left: Group mean (±SEM) lever pressing activity in 10-min bins 
for the last nine 16-hour cycles. Data is presented as two 2-day blocks to highlight the differing 
response distributions prior to the meals at each of the three zeitgeber times. Mealtime is 
indicated by green-shaded opaque boxes. Right: Same data as presented on the left averaged 
over nine 16-h cycles. C. Left: Group mean (±SEM) nose-poke activity in 10-min bins for the three 
days of food deprivation in constant dark. The three zeitgeber times at which meals had occurred 
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are indicated by pink shading. Right. Same data as presented on the left, averaged over three 16-
hour cycles. 

Figure 5.9. Rats utilize a circadian mechanism to time 16-hour feeding schedules 

 
A. Normalized group mean (±SEM) lever-pressing activity in 10-minute bins for the last three blocks 
of T=16h meals plotted split between days on which two meals occur (ZT2 and ZT18; top) and days 
on which one meal occur (ZT10; bottom). Hours since the end of the previous mealtime is indicated 
on the x-axis. Mealtime is indicated by the green opaque box. Data were averaged at a 24-hour time 
scale. B&C. Lever-pressing activity record from a representative rat during T=16h feeding schedule 
folded at 24-hours (B) or 16-hours (C). Time is plotted left to right in 10-min bins from the end of the 
previous mealtime. Mealtime is indicated by the opaque green box. Food deprivation in constant dark 
is indicated by red shading. 

5.4. Conclusions 

Rats can anticipate three, and in some cases four, daily meals. If rats were 

utilizing an interval timing mechanism to time from one feeding event until the next in 

three daily meal schedules, then response distributions should show properties that are 

consistent with what is generally observed in interval timing studies. Omission of one 

meal should disrupt anticipation of the following mealtime, as the rat has experienced no 

resetting stimulus (though see Crystal & Baramidze, 2007 for exceptions). The 

observation that we see not only persistent lever pressing activity to the omitted meal 

but, crucially, a rise in lever pressing again prior to the following meal provides evidence 

that anticipation of one mealtime is not dependent upon the presentation of meals at a 

prior mealtime, which is more consistent with an oscillator-based model of multiple meal 

anticipation. 
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Furthermore, differing intervals between mealtimes should result in differing 

response distributions to the mealtimes, as per the scalar property of interval timing. We 

examined this in two ways. First, comparison of response distributions to the six-hour 

interval (four-meal schedule) and the eight-hour interval (three-meal schedule) failed to 

show any significant differences, a violation of the scalar property. Additionally, meal 

elimination experiments in the three- and four-meal feeding schedules allowed us to 

examine the response distributions to asymmetrical feeding schedules, still provided at 

fixed times of day. Again, no significant differences in response distribution were 

observed to intermeal intervals ranging from 6- to 16-hours, again suggestive of a 

circadian mechanism rather than one based on interval timing. 

At 16- or 18-hour intervals, meals fall repeatedly at particular times of day every 

two or three days, e.g., at T=16h, meals occur at only three times of day, while at T=18h, 

meals occur at only four times of day. Apparent anticipation of 16- and 18-hour feeding 

schedules could therefore be based on entrainment of multiple circadian FEOs by 

frequency demultiplication, or on discrimination and memory for phase of a single 

circadian oscillator. 

On the T=18h schedule, operant responding showed at best, weak temporal 

control by mealtime. When averaged over 18-hour cycles, responding shows a 2-4-hour 

post-meal pause, a gradual increase in response rate over the next 2-3 hours, and 

relatively stable responding over the remainder of the interval. The fact that response 

rates then remain steady over the next 16 hours leads us to interpret temporary low 

response rates to be a matter of post-prandial satiety rather than clock timing. 

On the T=16h schedule, operant responding averaged over 16-hours intervals 

shows a 6-hour post-meal pause, stable responding for five hours, and then accelerated 

responding two hours prior to mealtime. This anticipation appears to be driven by 

increased activity at each of the three possible daily mealtimes, i.e., three meal 

anticipation. The amount of activity at each mealtime is modulated by the duration of the 

immediately preceding fast. When food deprived in constant dark nearly all rats 

displayed mealtime associated activity persisting at the ZT10 and ZT18 mealtimes, while 

several displayed persisting anticipation of all three mealtimes. Averaging the food 

deprivation days over 16-hours reveals an 8-hour rather than a 16-hour rhythm, 

consistent with anticipation of three mealtimes. 
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Figure 5.10. Group 1 T=18h activity records 
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Figure 5.11. Group 1 T=16h activity records 

 

Figure 5.12. T=18h & T=16h meal sizes 

 
Average meal sizes over the last three cycles of the T=18h schedule (A) and T=16h schedule (B). 
In the T=18h schedule food consumption at the ZT3 mealtimes was significantly less than all 
other mealtimes (ZT3 vs ZT9: t18 = 5.34, p < 0.001; ZT3 vs ZT15: t18 = 3.49, p = 0.016; ZT3 vs 
ZT21: t18 = 5.339, p < 0.001). There were no other significant differences in meal sizes. For the 
T=16h schedule food consumption at the ZT2 mealtime was significantly less than at the ZT10 
mealtime (t12 = 3.87, p = 0.007). There were no other significant differences. 
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Figure 5.13. T=18h FAA Ratios 

 
A. FAA ratios averaged over the last 12 18-h cycles. RF ratios were significantly elevated relative 
to AL baseline (t12 = 4.32, p = 0.003). FD ratios did not significantly differ from either AL or RF. B. 
FAA ratios for each mealtime averaged over the last 3 occurrences of each mealtime (12 18-h 
cycles in total). For the ZT3 mealtime, AL ratios were significantly higher than either RF (t6 = 5.69, 
p = 0.004) or FD (t6 = 6.18, p = 0.003). For the ZT9 mealtime, AL ratios were significantly lower 
than either RF (t6 = 4.80, p = 0.009) or FD (t6 = 6.43, p = 0.002). For the ZT15 mealtime, AL ratios 
were significantly lower than either RF (t6 = 6.52, p = 0.002) or FD (t6 = 5.48, p = 0.005), while RF 
ratios were significantly higher than FD (t6 = 4.59, p = 0.009). For the ZT21 mealtime, AL ratios 
were significantly higher than either RF (t6 = 5.25, p = 0.006) or FD (t6 = 4.81, p = 0.009). 

Figure 5.14. T=16h FAA Ratios 

 
A. FAA ratios averaged over the last 9 16-h cycles. AL ratios were significantly less than RF (t12 = 
5.97, p < 0.001) and FD (t12 = 3.35, p = 0.017). There was no significant difference between RF 
and FD ratios B. FAA ratios for each mealtime averaged over the last 3 occurrences of each 
mealtime (9 16-h cycles in total). For the ZT2 mealtime, AL ratios were significantly lower than RF 
(t6 = 5.16, p = 0.006), while FD did not differ significantly from either AL or RF. For the ZT10 
mealtime, RF ratios were significantly elevated relative to either AL (t6 = 4.56, p = 0.012) or FD (t6 
= 3.56, p = 0.036). For the ZT18 mealtime, AL ratios were significantly lower than either RF (t6 = 
4.19, p = 0.017) or FD (t6 = 3.75, p = 0.029), while RF ratios did not differ significantly from FD. 
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Chapter 6.  
Short interval timing is not dependent upon a 
functioning circadian system 

As published in Petersen, C. C., & Mistlberger, R. E. (2017). Interval timing is 

preserved despite circadian desynchrony in rats: constant light and heavy water 

studies. Journal of Biological Rhythms, 32(4), 295-308. 

6.1. Abstract 

The mechanisms that enable mammals to time events that recur at 24h intervals 

(circadian timing) and at arbitrary intervals in the seconds-to-minutes range (‘interval 

timing’) are thought to be distinct at the computational and neurobiological levels. Recent 

evidence that disruption of circadian rhythmicity by constant light (LL) abolishes interval 

timing in mice challenges this assumption, and suggests a critical role for circadian 

clocks in short interval timing. We sought to confirm and extend this finding by examining 

interval timing in rats in which circadian rhythmicity was disrupted by long-term exposure 

to LL or by chronic intake of 25% D2O. Adult, male Sprague Dawley rats were housed in 

a light-dark (LD) cycle or in LL until free-running circadian rhythmicity was markedly 

disrupted or abolished. The rats were then trained and tested on 15- and 30-s peak-

interval procedures, using water restriction to motivate task performance. Interval timing 

was found to be unimpaired in LL rats, but a weak circadian activity rhythm was 

apparently rescued by the training procedure, possibly due to binge feeding that 

occurred during the 15min water access period that followed training each day. A 

second group of rats in LL was therefore restricted to six daily meals scheduled at 4h 

intervals. Despite a complete absence of circadian rhythmicity in this group, interval 

timing was again unaffected. To eliminate all possible temporal cues, a third group of 

rats in LL were tested using a pseudo-randomized schedule. Again, interval timing 

remained accurate. Finally, rats tested in LD received 25% D2O in place of drinking 

water. This markedly lengthened the circadian period and caused a failure of LD 

entrainment, but did not disrupt interval timing. These results indicate that interval timing 

in rats is resistant to disruption by manipulations of circadian timekeeping previously 

shown to impair interval timing in mice. 
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6.2. Introduction 

Mammals have evolved multiple systems to track the passage of time across a 

wide range of intervals, from milliseconds to seconds, hours, days, and even years 

(Buonomano, 2007). Two of the most studied and well characterized of these systems 

govern intervals differing by several orders of magnitude:  the circadian system for 

intervals approximating the 24-h solar day and an interval timing system for shorter, 

arbitrary intervals in the seconds-to-minutes range. This study explores a hypothesis that 

timing intervals in the seconds-to-minutes range is critically dependent on circadian 

organization of behavioral state. 

Circadian rhythms in mammals are regulated by a hierarchically organized 

system of cell-autonomous circadian oscillators located in the brain and most peripheral 

tissues (Dibner et al., 2010). At the cellular level, circadian oscillations emerge from 

interlocking transcription-translation feedback loops that result in rhythmic expression of 

a set of core ‘clock genes’ (Partch et al., 2014). At the systems level, a circadian 

pacemaker in the suprachiasmatic nucleus (SCN) of the hypothalamus sits at the top of 

the hierarchy, and plays a critical role synchronizing circadian rhythms to the daily light-

dark (LD) cycle (Welsh et al., 2010). Circadian oscillators elsewhere in the brain and 

body can be synchronized directly by daily cycles of food availability and potentially 

other nonphotic cues (Dibner et al., 2010; Mistlberger, 2011). 

The set of mechanisms responsible for timing intervals in the seconds-to-minutes 

range is referred to as the interval timing system and is critically involved in a variety of 

cognitive processes (Gallistel & Gibbon, 2000). In the most familiar example of short 

interval timing, the fixed-interval (FI) schedule of reinforcement, a reward is delivered to 

an animal contingent upon the first operant behavior performed after a target interval 

following the presentation of a stimulus. When averaged over multiple trials, an 

anticipatory response pattern is observed, with response rate increasing as a function of 

time and reaching a maximum at the time of reward presentation (Gibbon & Church, 

1990). In the peak interval (PI) procedure, rewarded trials are interspersed with 

randomly occurring peak trials, in which reinforcement is withheld. In these trials 

responding assumes a roughly Gaussian distribution, centered over the normal time of 

reinforcement. The time at which the maximum response rate is reached can be used as 
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an estimate of when the animal expected reinforcement, providing a measure of the 

animal’s accuracy and variability in its ability to time the interval. 

Multiple theoretical models of interval timing have been proposed. In pacemaker-

accumulator models, time perception is based on a pacemaker that generates pulses 

that are temporarily stored in an accumulator over a given interval. At the time of reward, 

the number of pulses stored in the accumulator is transferred to reference memory. 

Later temporal judgments are based on comparing the number of pulses currently stored 

in the accumulator with the values stored in reference memory (Gallistel & Gibbon, 

2000). Pulses generated by the pacemaker are subject to stochastic error, causing 

variability in time estimation to increase linearly with the interval being timed (i.e., the 

scalar property) (Gibbon, 1977). 

In other models, elapsed time is represented by the phases of multiple oscillators 

of differing native frequencies (Church & Broadbent, 1990; Gallistel, 1990). Changes in 

the phase relationships among these oscillators as a given interval elapses are used as 

a marker for temporal duration. Comparison of the phase relationships among the 

oscillators at any given moment of the timed interval with the representation stored in 

reference memory provides a means of temporal discrimination. Support for oscillator 

phase models comes from reports of small deviations from linearity (i.e., violations of the 

scalar property) in the ability to time particular short intervals, which have been 

hypothesized to correspond to the intrinsic periodicity of individual oscillators (Crystal, 

1999, 2001b; Crystal et al., 1997; Crystal & Baramidze, 2007). 

The evidence that both the circadian and interval timing systems rely on one or 

more oscillators has fueled speculation that the two timing systems may be intrinsically 

linked (Agostino, Golombek, et al., 2011; Gallistel, 1990). One way that two systems can 

be linked is if one modulates the output of the other. There is evidence that interval 

timing is modulated by circadian phase. In humans, the speed at which the interval 

timing clock is thought to tick (inferred from estimations of temporal intervals) is 

positively correlated with core body temperature (Aschoff, 1984; Kuriyama et al., 2005; 

Nakajima et al., 1998; Pfaff, 1968). Circadian modulation of interval timing in rats (Bussi 

et al., 2015; Meck, 1991; Shurtleff et al., 1990) and mice (Agostino, do Nascimento, et 

al., 2011) has also been reported, although the timing parameters that were observed to 

vary with time of day or circadian phase differed across studies (see Discussion). 
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Another way that two systems can be linked is by sharing a common timing 

mechanism. Mice harboring a point mutation to the zinc finger homeobox 3 (Zfhx3) 

gene, a transcription factor highly expressed in the SCN, exhibit both a 5% shortening of 

free-running circadian periodicity and a 15-30% leftward shift in the response distribution 

to a peak interval task compared to wildtype controls (Balzani et al., 2016). A single 

gene mutation is thus associated with an apparent acceleration of the mechanism for 

measuring days and minutes. 

A third form of linkage is where timing mechanisms are distinct, but one relies on 

the other to operate normally. For example, if interval timing across a wide range of 

intervals were based on phase coincidence of multiple ultradian oscillators, a circadian 

clock might be necessary for establishing and maintaining a common starting phase. 

Evidence supporting a critical role for circadian clocks in interval timing is provided by 

studies showing that disruption of circadian rhythms in mice by exposure to constant 

light (LL) completely eliminates the ability to time short intervals (Agostino, do 

Nascimento, et al., 2011; Bussi et al., 2014). Interpretation of those observations is 

challenged by earlier findings that mice with SCN ablation (Lewis et al., 2003) or clock 

gene mutations (Cordes & Gallistel, 2008; Papachristos et al., 2011) show unimpaired 

interval timing. Agostino, Golombek, et al., (2011), however, identify limitations to these 

studies. In the report demonstrating intact interval timing in SCN-ablated mice (Lewis et 

al., 2003), the majority of mice from both the lesion and the control groups demonstrated 

very imprecise timing functions, raising the possibility of a ‘floor effect’ which could have 

obscured lesion-specific differences. Histological verification that the SCN lesions were 

complete was also not provided in that study. A report that Clock mutant mice show no 

deficits in interval timing (Cordes & Gallistel, 2008) demonstrates that the Clock gene is 

not necessary for interval timing, but does not rule out a role for circadian rhythmicity, 

because the mice were housed in 12:12 LD, which sustains rhythmicity in the Clock 

mutant mouse (Vitaterna et al., 1994). Finally, a report (Papachristos et al., 2011) that 

Cry1/Cry2 double knock-out mice show normal interval timing is also complicated by 

study procedures. To motivate performance, the mice in that study were maintained on a 

restricted feeding schedule. Cry1/Cry2 double knock-out mice, although arrhythmic in 

constant conditions, can show entrainment of circadian rhythms to a daily feeding 

schedule (Iijima et al., 2005). Activity was not recorded in task performing animals in the 

Papachristos et al study, but it is likely that behavioral rhythms and circadian oscillators 
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in brain areas important for interval timing, such as the dorsal striatum, were entrained to 

the daily meal (Patton et al., 2014; Verwey & Amir, 2012; Wakamatsu et al., 2001). 

These interpretive issues leave open the possibility that interval timing in mice does 

require circadian timekeeping. 

We conducted two experimental manipulations to determine whether interval 

timing in rats is also dependent upon circadian organization of behavior. We first 

attempted to extend to rats the evidence obtained in mice that interval timing is 

abolished by suppression of circadian rhythms in LL. We then assessed whether slowing 

of the circadian clock and subsequent desynchrony from LD, by intake of 25% D2O in 

place of water (Pittendrigh & Daan, 1976a), might slow or disrupt interval timing 

measured concurrently. We could find no evidence for disruption of interval timing by 

procedures that markedly disrupted circadian timing. 

6.3. Methods 

6.3.1. Animals and ethics statement 

All procedures were approved by the University Animal Care Committee at 

Simon Fraser University (permit 1065p-12) and conformed to the Canadian Council on 

Animal Care’s Guide to the Care and Use of Experimental Animals and Canada’s 

Animals for Research Act. Twenty-one adult male Sprague–Dawley rats (Charles River 

Laboratories, Quebec, Canada) were housed individually in a lighting-, humidity- and 

temperature-controlled (~22°) vivarium. Animal health was checked once daily. Cages 

were cleaned and rats weighed once weekly. 

6.3.2. Activity recording and analysis 

Locomotor activity was continuously monitored using infrared motion sensors 

located above the cage and stored at 1-min intervals using the Clocklab data acquisition 

system (Actimetrics, Wilmette, IL). For visual inspection, activity data were plotted in 10-

min bins in standard raster plot format using Clocklab or Circadia (Dr. T. A. Houpt, 

Florida State University) and as 24-hr wave-forms averaging 1 or more days within and 

across rats using Prism 5.0 (Graphpad Software Inc., La Jolla, CA). Presence of 

rhythmicity was determined by Lomb-Scargle periodogram analysis using Clocklab. 
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6.3.3. Apparatus 

Behavioral training and testing were conducted in operant chambers (MED 

Associates, ENV-008, St. Albans, VT) housed in individual sound attenuated cubicles 

(MED Associates, ENV-018MD). Each chamber was equipped with a retractable lever, 

stimulus light, and liquid receptacle located on the front panel. Sound attenuated 

cubicles remained illuminated (~75 lux, white LED) for the duration of the training 

sessions. An IBM-PC computer running MED-PC Version IV Research Control and Data 

Acquisition System software (MED Associates) attached to an electronic interface (DIG-

700P2-R2 and SG-6510D, MED Associates) was used to control the experimental 

equipment and record the operant data. The time of each lever press was recorded to an 

accuracy of 10-ms and placed into 1-s time bins for analysis of mean response rates. 

During food restriction schedules, food was accessed via an automated feeding 

system designed and constructed in the investigators’ laboratory. Food access times 

were scheduled and controlled remotely using custom software. Automated feeders 

were attached to the outside of ‘windows’ cut into the sides of the rats’ cages. Access to 

food was controlled via a sliding plastic door situated between the cage window and a 

food bin. Metal bars spaced 1cm apart were installed over the cage window to prevent 

rats from hoarding large food pellets during food access times. Door position was 

monitored and investigators were immediately alerted to any failure to open or close as 

scheduled. Automated feeding systems were visually inspected daily at the time of 

operant training. 

6.3.4. Operant training 

Operant Shaping. Rats were trained to press a lever for a ~50l 0.3% saccharin 

solution reward using a continuous reinforcement schedule in which each lever press 

results in reward. Additionally, a ‘free’ reward (~35l saccharin solution) was 

automatically delivered every 3-min. Each training session lasted for 60-min or 60 

reinforcements, whichever occurred first. Rats received operant shaping until at least 3 

sessions of 60 reinforcements were obtained in under 60-min. 

Fixed Interval Training. Rats were next trained on 15-s and 30-s fixed interval 

(FI) schedules of reinforcement. Interval initiation was signaled by illumination of the 



108 

stimulus light located above the liquid receptacle and extension of the lever. The first 

lever press to occur after the fixed interval resulted in delivery of a liquid reward (~50l 

0.3% saccharin solution). Delivery of the reward resulted in termination of the stimulus 

light, retraction of the lever, and initiation of a 25±5-s variable intertrial interval (ITI). If no 

response was made after 3x the duration of the target interval (i.e., 45-s or 90-s, for 15-s 

and 30-s interval schedules respectively) the trial was terminated and scored as an 

omission. Each session consisted of 60 trials. All rats were given at least 5 FI sessions 

for each interval. 

Peak Interval Training. In the 15-s and 30-s peak interval (PI) procedures, fixed-

interval trials were intermixed with unreinforced peak-interval trials (described below) 

with an FI:PI trial ratio of 3:2, semi-randomly distributed. In PI trials, trial initiation was 

signaled by illumination of the stimulus light and extension of the lever (as in FI trails); 

however, in PI trials the signals remained active for 3x the duration of the usual interval 

(i.e., 45-s or 90-s) with no reinforcements given. At the end of the PI interval, the trial 

was terminated independent of response and a 25±5-s variable ITI was initiated. If no 

response was given during the trial time, the trial was scored as an omission. Each 

session consisted of 60 trials. 

6.3.5. Experimental timeline 

LD 12:12, heavy water administration (LD). Rats in the LD group (N=7) were 

housed in a 12-h light, 12-h dark (12:12 LD) cycle with food and water available ad-

libitum for 25 days before water access was gradually restricted. The rats were then 

trained on the FI and PI tasks 6-h after lights-on (11:00h local time) and given ~15-min of 

water immediately following training. After 12 training sessions on the 30-s PI task, the 

rats were given 30-min of food and water access, and then food deprived and left 

undisturbed in constant dark (DD) for 80-h. Following food deprivation, the rats were 

given six days of ad-libitum food and water availability before resumption of the water 

restriction schedule and 30-s PI training. Performance on the PI 30-s task was allowed 

to stabilize, at which point the rats had daily water rations replaced with 25% D2O for two 

days with no operant training sessions. The rats were then again tested on the 30-s 

peak procedure (while still receiving 25% D2O for water rations). Following six sessions 

of training, the rats were given an additional eight days of ad-libitum 25% D2O access 

before water restriction and testing on the 30-s peak procedure resumed. Following 
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training, the rats were given ad-libitum 25% D2O access in DD for 3-days. The rats were 

then switched to ad-libitum water (no D2O) access for eight days, sufficient time for 

circadian rhythms disrupted by D2O to re-entrain to LD, and then water restricted and 

tested on the 30-s peak procedure. 

Constant bright light, ad-libitum food access (LL-AdLib). Rats in the LL-

AdLib group (N=7) were maintained in bright LL (~250 lux maximum cage exposure) 

with food and water available ad-libitum, for 44 days, a sufficient length of time to 

eliminate free running, SCN-mediated circadian rhythms in all but one rat. Lighting was 

provided by an external bank of cool white Fluorescent tubes supplementing the LED 

cage lights. Over a period of five days, the rats were gradually water restricted to a 

single 1-hour access period and then trained on the 15-s FI and PI tasks. Task 

performing rats received ~15-min of water access immediately following operant training. 

Immediately following the final 15-s PI session, the rats received 3-h unrestricted access 

to food and water, and were then food deprived and left undisturbed in LL for 73-h. After 

a 6-day ad-libitum food and water recovery period, the rats were once again water 

restricted and trained on the 30-s FI and PI tasks. 

Constant bright light, 4-h ultradian feeding schedule (LL-RF). Rats in the LL-

RF group (N=7) were maintained in LL (~250 lux) with food and water available ad-

libitum for 100 days, a sufficient length of time to eliminate free running SCN-mediated 

circadian rhythms in all rats. To prevent the rats from voluntarily concentrating their food 

intake to the time of day when water would be available, food access was then restricted 

to 30-min food access periods, once every four hours (3:00, 7:00, 11:00, 15:00, 19:00, 

and 23:00h local time). After five days of gradual water restriction the rats were trained 

on the 15-s FI and PI tasks. The rats were given 15-min daily water access during the 

first food access window after operant training (i.e., at 15:00h local time). This food 

access window was reduced to 10-min in length to discourage binge feeding. After the 

final 15-s PI session, the rats were given 30-min of food and water access, and then 

food deprived and left undisturbed for 80-h. After a 4-day ad-libitum food and water 

recovery period, the rats were food and water restricted as before and trained on the 30-

s FI and PI tasks. 

Constant bright light, randomized training schedule (LL-Random). Rats in 

the LL-Random group (N=7) were maintained in brighter LL (~750 lux) with food and 
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water available ad-libitum for 60 days, a sufficient length of time to eliminate free running 

SCN-mediated circadian rhythms in all rats. Following 5 days of gradual water 

restriction, the rats were trained and tested on the 15-s FI and PI tasks. To prevent 

entrainment to the interval timing tasks or to water availability, the interval between 

operant sessions was pseudo-randomized, with a minimum of 12- and a maximum of 

36-hours between sessions. After the final 15-s PI session, the rats were given ad-

libitum access to food and water and left undisturbed for 7 days to check for the 

presence of circadian rhythmicity. The rats were once again water restricted and trained 

on the 30-s FI and PI tasks using the same pseudo-randomized schedule. Following the 

final 30-s PI session, the rats were given 1 hour food and water access, and then food 

deprived and left undisturbed for 80-h. 

6.3.6. Data analysis 

Peak interval performance was analyzed using Excel (Microsoft, Redmond, WA) 

and Prism 5.0 (Graphpad Software). Mean response rate is expressed as responses per 

minute from the last 5 sessions of PI training. Omitted trials were not considered in this 

analysis. Mean response rates for each rat were fit using the Marquardt-Levenberg 

iterative algorithm to find the coefficients of a Gaussian + linear equation that give the 

best fit via square-root minimization between the equation and the data. The following 

generalized model was used: (𝑡) = 𝑎 × exp(−0.5 × [(𝑡 − 𝑡0)/𝑏]
2) + 𝑐 × (𝑡 − 𝑡0) + 𝑑, 

where t is the current 1-sec bin and R(t) is the mean number of responses at time t 

(Buhusi et al., 2005). Using this equation, the parameters Peak Time (t0), Peak Width 

(b), and Peak Rate (a+d) were obtained for each rat. 

Start and Stop Rate Indices were calculated as defined by Cheng and Meck 

(2007). Briefly, for the 15-s PI procedure the Start Rate Index and the Stop Rate Index 

were defined by the response rate over the 3-s immediately prior to or after the criterion 

time, respectively, divided by the total response rate over the 15-s before (for Starts) or 

after (for Stops) the criterion time. When applied to the 30-s PI procedure, the same 

method was used except that the length of the intervals defining the numerators and 

denominators were proportionally increased to 6-s and 30-s, respectively. 

To analyze the effects of D2O on interval timing performance, training in the LD 

group was divided into four conditions: the last 5 sessions on the PI-30 task (H2O-1;), the 
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first 5 sessions of the first round of D2O training (D2O-1), the 5 sessions of the second 

round of D2O training (D2O-2), and the 5 sessions of training after return to H2O (H2O-2). 

During this portion of training, curves could not be fitted to the average response 

distributions of two of the rats (one for the D2O-2 condition only, another for both D2O-2 

and H2O-2). Thus, these rats were excluded from all analyses of response distribution 

parameters. For peak-by-session analyses, there were three sessions in which the 

response distributions for individual rats could not be fit with a curve (two in the D2O-2 

condition and one in the H2O-2 condition; all with different rats). In these cases, the 

missing data point was replaced with the mean peak time for the individual rat in that 

particular condition for the purpose of running the two-way analysis of variance 

(ANOVA). These data points were excluded from regression analyses. All means are 

reported with standard errors. Statistical analyses were carried out as described in the 

text using Prism 5.0 (Graphpad Software) with alpha level set at p < 0.05. 

6.4. Results 

6.4.1. Assessment of circadian rhythmicity in constant light 

The objective of this study was to assess interval timing in neurologically intact 

rats in which circadian rhythms mediated by the SCN pacemaker were abolished. We 

therefore paid special attention to possible residual rhythmicity prior to, during and after 

operant training. Rats in the LL-AdLib group were maintained in bright LL for 44 days 

prior to water restriction and training. Visual inspection of activity data in double-plotted 

actogram format revealed the expected gradual loss of circadian rhythmicity. 

Nonetheless, an impression of rhythmicity was evident in most actograms due to 

obligatory health inspections that occurred once daily between 09:00h and 15:00h (Fig. 

6.1a; Fig. 6.6a). Although the inspections were purely visual (no physical contact), rats 

usually do awaken and orient to the research staff. The impression of rhythmicity was 

confirmed quantitatively by Lomb-Scargle periodogram, which revealed broad, low 

amplitude 24-h components in the power spectra. Consequently, the rats were left 

undisturbed for three days over a weekend, with no entry into the vivarium room. The 

data for this 3-day block were inspected visually using 72h bivariate waveforms and 

were analyzed using the Lomb-Scargle periodogram (Fig. 6.7). During this 3-day time 
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block, circadian rhythmicity was detected in only 1 rat. The rats then received operant 

training to test interval timing. 

Interval timing in this study was measured using lever pressing rewarded by 

sweetened water. To motivate rats to perform the lever pressing response, all rats were 

restricted to ~15-min of water access each day after the operant training session. Thirsty 

rats may restrict their own food intake to coincide with the time of water access. This 

could restore circadian organization in LL-exposed rats by non-photic inputs to the SCN 

pacemaker or to food-entrainable circadian oscillators elsewhere in the brain (Lamont et 

al., 2005; Mistlberger, 1992b, 1993). This concern was validated in LL-AdLib rats by 

weighing food consumption during the 3h immediately following the 15-min drinking 

period each day. Rats in this group were found to consume 44.2 ± 2.3% of their total 

daily caloric intake in this 3h time block. Following training on the 15-sec interval timing 

task, LL-AdLib rats were food deprived for 3 days, to determine whether the binge 

feeding might have induced a 24h food-anticipatory activity rhythm. This did not seem to 

be the case, as there was no evidence for a persisting anticipation rhythm. However, 

when food and water were then provided ad-libitum for the next week, all but one rat 

exhibited a low amplitude free-running circadian activity rhythm, with the onset of the 

daily active period extrapolating back to the previous water access time (Fig. 6.1a; Fig. 

6.6a). Periodogram analysis confirmed significant circadian rhythmicity in 6 of the 7 rats. 

These results suggest that a daily schedule of operant training, drinking and/or eating 

might have rescued circadian rhythms controlled by the SCN. This could in turn support 

interval timing in this group, if circadian organization is a prerequisite for short interval 

timing. 

To prevent a rescue of circadian rhythmicity by the test procedure, the 

procedures were modified to eliminate potential non-photic circadian time cues. The first 

modification was to implement a non-circadian feeding schedule (group LL-RF). A 

second modification was to schedule training and testing sessions at pseudo-random 

times of day (group LL-Random). Prior to operant training, rats in the LL-RF group were 

maintained in LL with food and water access ad-libitum for 100 days. This included a 

72h time block during which the viviarium room was not entered. Actograms, 72h 

bivariate waveforms and periodogram analyses confirmed no significant 24h rhythmicity 

in all 7 rats (Fig. 6.1b; Figs. 6.6b, 6.7). When the rats in this group began water 

restriction and operant training, binge feeding following the training sessions was 
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prevented by restricting food intake to 6 small meals/day, spaced at 4h intervals. With 

food restriction in place, the amount of food consumed during the 3-hours after water 

access as a percent of total daily intake was significantly reduced (23.4±1.7%, t(12) = 

7.24, p < 0.001) and there was no evidence of circadian rhythmicity during either food 

deprivation or subsequent ad-libitum food access (Fig. 6.1b; Fig. 6.6b). 

To eliminate all potential 24-h time cues, rats in the LL-Random group were 

maintained in bright LL (~750 lux) with food and water available ad-libitum for 60 days, a 

sufficient length of time to severely disrupt free running SCN-mediated circadian rhythms 

in all rats. This included a 10-day time block during which the vivarium room was not 

entered. To prevent entrainment to the interval timing task, water or food intake, the 

interval between operant sessions was pseudo-randomized, with a minimum of 12 hours 

and a maximum of 36 hours between sessions. With water access provided immediately 

after operant testing, this random testing schedule eliminated all 24h time cues in both 

the task itself and any water associated binge feeding. Visual inspection of actograms 

confirmed severe disruption of circadian rhythmicity in all of the rats across the ~70 days 

of experimental procedures (Fig. 6.1c; Fig. 6.6c). Using data from the 10-day block 

during which the vivarium room was not entered, Lomb Scargle periodogram detected 

significant rhythmic components in the ultradian (5-7 hour) range in all 7 rats. Very low 

amplitude rhythmic components in the 20 to 30 h range were also evident (Fig. 6.8). 

Lomb Scargle analyses of 7 day blocks immediately following the 15-s and 30-s PI tests 

detected a low amplitude but significant circadian periodicity in both blocks in 2 of 7 rats. 

All statistical analyses reported in the next session were therefore analyzed twice, once 

including all 7 rats, and again after excluding the 2 weakly rhythmic rats. Using the 

smaller subset of 5 rats did not change any of the inferential statistical test outcomes, 

and so the full sample of 7 rats is presented, to show all of the data, and descriptive 

statistics for the subset are provided in Table 6.1. 
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Figure 6.1. Representative actograms from each of the experimental conditions in 
LL 

 
Double-plotted activity records from 3 representative rats maintained in LL with food available 
either ad-libitum (A, C) or restricted to 6 daily 30-min food access periods (B). Data are plotted in 
10-min bins from left to right. Consecutive days are plotted left to right and top to bottom. Training 
and testing time is denoted by opaque blue boxes. Food access periods (in B) are denoted by 
vertical light-green shaded boxes, and by the arrows on the lower left of the panel. Food 
deprivation following peak interval testing is denoted by red shading. 

6.4.2. Interval timing is not impaired despite loss of circadian rhythms 
in long-term constant light 

After extended time in LD or LL as described above, rats in all 4 groups were 

gradually water restricted and subsequently trained and tested on 15- and 30-s peak-

interval (PI) procedures. To analyze the parameters of the response distributions during 

the peak interval tests, response rates per 1-s bin, averaged over the last 5 sessions of 

peak training for each interval, were fitted with Gaussian + linear curves and the 

parameters Peak Time, Peak Width, and Peak Rate were obtained for each rat (see Fig. 

6.2a for response distributions). All curves had significantly better fits, as measured by 

extra sums-of-squares F-tests, than simple linear models applied to the same data (all p 

< 0.001). Three separate 4x2 mixed-factor analyses of variance (ANOVAs) were used to 

compare differences in Peak Time, Peak Width, and Peak Rate both between groups of 

rats (between-subjects factor) and between target interval durations (within-subjects 

factor). For all three parameters there was a significant effect of target interval (Peak 

Time: F(1,24) = 6.31, p = 0.019; Peak Width: F(1,24) = 11.16, p = 0.003; Peak Rate: F(1,24) = 

46.52, p < 0.001), with later relative Peak Times, smaller relative Peak Widths, and lower 

Peak Rates for the 30-s interval as compared to the 15-s interval. There was no 

significant main effect of group (Peak Time: F(3,24) = 0.31, p = 0.820; Peak Width: F(3,24) = 

1.51, p = 0.236; Peak Rate: F(3,24) = 0.50, p = 0.686) or group by target interval 
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interaction (Peak Time: F(3,24) = 0.06, p = 0.979; Peak Width: F(3,24)  = 0.25, p = 0.863; 

Peak Rate: F(3,24) = 2.20, p = 0.114) for any of the parameters tested (Fig. 6.2b-d). 

Figure 6.2. Response distributions to PI-15 and PI-30 tasks for each experimental 
condition 

 
Performance on 15- and 30-second PI tasks in rats housed in LD 12:12 (circles in all panels, and 
grey bars in panels B-D), LL with ad-libitum food access (inverted triangles and yellow bars), LL 
with 6 daily meals scheduled at 4h intervals (squares and blue bars), and LL with operant training 
done at pseudo-random intervals (triangles and red bars). A. Group mean (+SEM) response rates 
for the last 5 sessions of the 15- and 30-s PI procedure expressed as percentage of the 
maximum response rate for each rat at each 2-second bin following the stimulus onset (beginning 
of trial). B-D. Dot-plots and group mean (bars with 95% confidence intervals) of parameters 
obtained from curves fitted to the response distributions of each rat for the last five PI sessions for 
15- and 30-s targets. B. Relative peak time. C. Relative peak width. D. Peak Response Rate. 
**p<0.01, *p<0.05 (mixed-factor ANOVAs). 

Given the observation that separate thresholds may be used to start and stop 

responding around a criterion time (Church et al., 1994), Start and Stop Rate Indices 

were also calculated. Two separate 4x2 mixed-factor ANOVAs were used to compare 

differences in Start and Stop Rate Indices both between groups of rats (between-
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subjects factor) and between target interval durations (within-subjects factor; Fig. 6.3a, 

b). For the Start Rate Index there was a significant main effect of target interval (F(1,24) = 

31.16, p < 0.001), with indices being higher for the 30-s than 15-s target interval. There 

was no main effect of group (F(3,24) = 0.26, p = 0.852) or group by target interval 

interaction (F(3,24) = 0.16, p = 0.924). For the Stop Rate Index, there was no significant 

effect of target interval (F(2,24) = 0.16, p = 0.691), group (F(3,24) = 0.81, p = 0.499), or group 

by target interval interaction (F(3,24) = 0.69, p = 0.565). 

Stop Rate Indices for each session of the 15-s peak procedure were used to 

examine potential group differences in the rate at which the rats learned to stop 

responding after the target interval (Fig. 6.3c). A two-way mixed-factor ANOVA revealed 

a significant main effect of session (within-subjects factor; F(11,264) = 24.65, p < 0.001) but 

no significant effect of group (between-subjects factor; F(3,264) = 1.06, p = 0.385) or group 

by session interaction (F(33,264) = 0.96, p = 0.527). Furthermore, regression lines fitted to 

Stop Rate Indices over session revealed that all groups displayed significant positive 

non-zero slopes (LD: F(1,82) = 26.17, p < 0.001; LL-AdLib: F(1,82) = 84.88, p < 0.001; LL-

RF: F(1,82) = 58.75, p < 0.001;LL-Random: F(1,82) = 58.85, p < 0.001), none of which 

differed from LD controls (LD vs. LL-AL: F(1,164) = 3.93, p = 0.148, LL-RF: F(1,164) = 0.04, p 

> 0.999; LL-Random: F(1,164) = 0.42, p > 0.999). 

Start Rate Indices for each session of the 15- and 30-s fixed interval procedure 

were used to determine whether there were differences in the rate at which the rats 

acquired the start response threshold. Two separate two-way mixed-factor ANOVAs 

revealed no significant effect of group (between-subjects factor; FI-15: F(3,96) = 0.41, p = 

0.744; FI-30: F(3,96) = 2.23, p = 0.111), but a significant main effect of training session 

(within-subject factor; FI-15: F(4,96) = 15.84, p < 0.001; FI-30: F(4,96) = 102.40, p < 0.001) 

with Start Rate Indices increasing across sessions, and a group by session interaction 

(FI-15: F(12,96) = 2.31, p = 0.012; FI-30: F(12,96) = 2.84, p = 0.002; data not shown). 

Bonferroni corrected post-hoc comparisons showed that this interaction was driven by 

Start Rate Indices that differed significantly between the LD and LL-Random groups on 

just 1 of the 5 training sessions at each interval (session 4 for the 15-s interval, t = 2.63, 

p < 0.05, and session 1 for the 30-s interval, t = 2.96, p < 0.05, with indices being higher 

in the LD condition in both cases). 
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Figure 6.3. Start and Stop Rate Indices 

 
Performance on 15- and 30-second PI tasks in rats housed in LD 12:12 (circles in all panels, and 
grey bars in panels A-B), LL with ad-libitum food access (inverted triangles and yellow bars), LL 
with 6 daily meals scheduled at 4h intervals (squares and blue bars), and LL with operant training 
done at pseudo-random intervals (triangles and red bars). A-B. Dot-plots and group means (bars 
with 95% confidence intervals) for Start (A) and Stop (B) Rate Indices. C. Group mean (+ SEM) 
Stop Rate Index for each 15-s PI session. **p<0.01, *p<0.05 (mixed-factor ANOVAs). 

6.4.3. Interval timing is not significantly disrupted by deuteriation 
(25% D2O) 

Consumption of 25% D2O in place of drinking water robustly lengthens the 

circadian period of SCN-dependent rhythms in constant conditions and phase delays or 

disrupts entrainment in the presence of an LD cycle, in mice, Syrian hamsters 
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(Pittendrigh & Daan, 1976a) and rats (Mistlberger et al., 2001). If interval timing and 

circadian rhythms share common processes, D2O consumption within a few days should 

slow or disrupt interval timing. To explore this, rats initially tested in LD were retested 

under four additional conditions. In condition H2O-1, the rats were retested on the 30-s 

peak procedure in LD. In condition D2O-1, rats were maintained on 25% D2O for two 

days and were then tested again on the 30-s peak procedure (receiving 25% D2O water 

rations throughout). Following five sessions of training, only one rat exhibited a clear 

delay in LD-entrained nocturnal activity onsets, suggesting an inadequate dose of D2O. 

Therefore, in condition D2O-2, the rats were given ad-libitum 25% D2O for an additional 

eight days, before water restriction and testing on the 30-s peak procedure resumed. 

Finally, to test for a ‘rebound effect’ (a temporary leftward shift in the timing function; 

Meck, 1996) following withdrawal of D2O in condition H2O-2, the rats were given water 

(no D2O) ad-libitum for eight days to normalize circadian rhythms and were then water 

restricted and retested on the 30-s peak procedure (see Fig. 6.4B for training sequence). 

Figure 6.4. Response distributions and curve parameters during deuteriation 

 
Performance on 30-second PI task in rats housed in LD 12:12 during initial H2O baseline (H2O-1; 
circles in panels A,C-E and light grey bars in panels C-E), initial 25% D2O administration (D2O-1; 
triangles and dark grey bars), following an additional 8 days of ad-libitum D2O access (D2O-2; 
inverted triangles and dark grey bars), and return to H2O (H2O-2; squares and light grey bars). A. 
Mean (+SEM) response rates for the 5 sessions of the 30-s PI procedure expressed as 
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percentage of the maximum response rate for each rat at each 2-second bin following the 
stimulus onset (beginning of the trial). B. Representative activity record (plotting conventions as in 
Fig. 1). Training time is denoted by opaque white vertical boxes. Testing condition is indicated on 
the left of the activity record. Times that the animal was given H2O or D2O is indicated to the right. 
C-E. Dot plots and group means (bars with 95% confidence intervals) obtained from curves fitted 
to the response distributions of each rat for the five PI sessions in each condition. C. Relative 
peak time. D. Relative peak width. E. Peak Response Rate. No significant differences were found 
for any of the measures (repeated-measures ANOVAs). 

Three separate repeated-measures ANOVAs revealed no significant differences 

in Peak Time (F(2,12) = 1.74, p = 0.213), Peak Width (F(2,12) = 2.55, p = 0.105), or Peak 

Rate (F(2,12) = 2.44, p = 0.114) between the four conditions (Fig. 6.4c-d; n=5). 

Furthermore, another two repeated-measures ANOVAs revealed no significant 

differences in the Start (F(3,18) = 1.31, p = 0.301) or Stop (F(3,18) = 0.35, p = 0.791) Rate 

Indices between the conditions (Fig. 6.5A, B; n=7). 

To examine whether there were changes in the response distributions across the 

5 days of training in each of the four conditions, curves were fitted to each session and 

Peak Times were determined (Fig. 6.5c). A two-way repeated measures ANOVA 

revealed a significant interaction between condition and session (F(8,48) = 2.34, p = 0.033, 

n = 5), but no significant main effects (condition: F(2,48) = 0.44, p = 0.652; session: F(4,48) = 

2.25, p = 0.078; both n = 5). Bonferroni corrected post-hoc comparisons revealed that 

Peak Times for Session 5 were significantly longer than for Session 1 in the D2O-1 

condition (t(4) = 6.13, p = 0.004), but did not differ in the D2O-2 (t(4) = 0.02, p = 0.988) or 

H2O-2 (t(4) = 0.28, p = 0.790) conditions. Also, Session 1 Peak Times did not differ 

between the D2O-1 and H2O-2 conditions (t(4) = 0.01, p = 0.995). Although a regression 

line fit to Peak Times over session displayed a significant positive slope in the D2O-1 

condition (F(1,23) = 12.49, p = 0.002, r2 = 0.35), goodness of fit measures for the other two 

conditions were too low (both r2 < 0.01) to allow for meaningful comparisons. 
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Figure 6.5. Start and Stop Rate Indices during deuteriation 

 
Performance on 30-second PI task in rats housed in LD 12:12 during initial H2O baseline (H2O-1; 
circles in all panels and light grey bars in panels A,B), initial 25% D2O administration (D2O-1; 
triangles and dark grey bars), following an additional 8 days of ad-libitum D2O access (D2O-2; 
inverted triangles and dark grey bars), and return to H2O (H2O-2; squares and light grey bars). A-
B. Dot plots and group mean (bars with 95% confidence intervals) for Start (A) and Stop (B) Rate 
Indices in each condition. No significant differences were found for any of the measures 
(repeated-measures ANOVAs). C. Mean (+ SEM) relative peak time across the 5 15-s PI 
sessions for each condition. No significant main effect was found for condition or PI session (two-
way mixed-factor ANOVA). 

Periodogram analyses were run on the ~1 week of D2O intake between 

conditions D2O-1 and D2O-2 (no interval timing training). Significant peaks in the 

circadian range were present in all but one rat. On average, the rats (excluding the one 

with no significant peak in the circadian range) showed a significant rhythm of 

26.87±0.49h (range: 24.6 to 28.05h). This is a 2.87h lengthening of tau from 24h, 

representing an 11.9 % increase. 

To further examine changes in response distributions, two-way repeated 

measures ANOVAs were conducted on Start and Stop Rate Indices for each session of 

interval training (data not shown). There was a significant main effect of session for the 

Start Rate Index (F(4,72) = 4.03, p = 0.005, n = 7), but no significant effect of condition 

(F(2,72) = 1.09, p = 0.357, n = 7) or condition by session interaction (F(8, 72) = 0.73, p = 
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0.667, n = 7). Bonferroni corrected post-hoc comparisons revealed no significant 

differences between Session 1 and Session 5 Start Rate Indices for any of the 

conditions (D2O-1: t(6) = 1.38, p = 0.218; D2O-2: t(6) = 1.39, p = 0.214; H2O-2: t(6) = 2.22, p 

= 0.068), though there was an observable tendency for Start Rate Indices to increase 

across sessions regardless of condition. For Stop Rate Indices there was no significant 

effect of condition (F(2,72) = 0.07, p = 0.937, n = 7), session (F(4,72) = 2.00, p = 0.104, n = 

7) or condition by session interaction (F(8,72) = 1.34, p = 0.238, n = 7). One would expect 

a rightward shifted response distribution to have an increased Start Rate Index and a 

decreased Stop Rate Index; the reverse would be true for a leftward shifted response 

distribution. 

6.5. Discussion 

Circadian timing and interval timing in the seconds-to-minutes range have been 

conceptualized as distinct processes, based on evidence that interval timing is normal in 

mice with complete SCN ablations (Lewis et al., 2003), Clock gene mutation (Cordes & 

Gallistel, 2008), and Cry1/Cry2 double knock-out (Papachristos et al., 2011). Modulation 

of interval timing by time of day has been detected in humans (Aschoff, 1984, 1998; 

Kuriyama et al., 2005; Nakajima et al., 1998; Pfaff, 1968) and rodents (Agostino, do 

Nascimento, et al., 2011; Bussi et al., 2015; Meck, 1991; Shurtleff et al., 1990), but a 

critical role for circadian timing was not suspected until recent observations that 

disruption of circadian activity rhythms in mice housed in LL completely abrogated 

interval timing (Agostino, do Nascimento, et al., 2011; Bussi et al., 2014). 

Disruption of interval timing by circadian desynchrony has important implications 

for conceptual models of time perception, and for identifying possible environmental 

antecedents and mechanisms of thought and mood disorders in which time perception is 

disrupted. We therefore sought to confirm and extend the observations of Agostino et al. 

We initially attempted to use mice but were not satisfied with the degree of circadian 

disruption that we could achieve with 3 months of bright LL (unpublished observations). 

We therefore switched to rats, which in our experience are more susceptible to rapid and 

complete desynchrony of circadian rhythms in LL (Mistlberger, 1990; Mueller et al., 

2011). Three groups of rats were housed in bright LL sufficient to severely disrupt or 

abolish circadian rhythmicity and were then trained and tested on 15- and 30-s peak-

interval procedures. Interval timing was found to be intact and unimpaired in animals 
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housed in LL (LL-AdLib), even when potential circadian time cues related to daily 

feeding (LL-RF) or both daily feeding and daily testing (LL-Random) were eliminated. 

Furthermore, deuteriation, which lengthens the period of SCN-dependent rhythms and 

disrupts entrainment to LD cycles, also failed to disrupt interval timing in rats housed in 

LD, despite marked circadian disruption. Taken together, these results indicate that, in 

rats, interval timing is not dependent on SCN-mediated circadian output. In this respect, 

interval timing is similar to ultradian rhythms in voles and to food-anticipatory circadian 

rhythms in rats, neither of which are eliminated by LL or disrupted by D2O (Gerkema et 

al., 1993; Mistlberger et al., 2001; Prendergast et al., 2012). 

The 95% confidence intervals for the Peak Times in our D2O and H2O-2 

conditions ranged from 11-15% of the 30s interval. D2O lengthened the 24h entrained 

circadian period in our rats by 11.9%. If D2O slowed the speed of an interval timing 

mechanism by a similar percentage, then this effect would likely be too small to detect in 

the interval timing data. There is reason, however, to suspect that changes in circadian 

periodicity would not scale linearly to the interval timing domain. In the only study to date 

to observe concurrent changes in circadian periodicity and interval timing, mice 

harboring a point mutation to the zinc finger homeobox 3 (Zfhx3) gene, a transcription 

factor highly expressed in the SCN, displayed a ~5% difference in free-running circadian 

period, but a ~15-30% change in peak times when tested on a 10-s peak-interval 

procedure (Balzani et al., 2016). Change in period, as a result of D2O administration in 

our animals, was more than two-fold greater than that observed in the mutant Zfhx3sci/- 

mice. Assuming a similar relationship between circadian periodicity and interval timing 

as that observed in Balzani et al (2016), we would have expected to see as much as a 

30-60% change in peak time. Despite this, we cannot rule out the possibility that 

changes in timing as a result of D2O administration were present but not detected with 

the methodologies employed. 

A novel element of our study was the focus on residual rhythmicity and possible 

rescue of rhythmicity in rats maintained in LL for many weeks. Although rats in the LL-

AdLib group were maintained in LL for 7 weeks prior to operant training and were 

confirmed to lack circadian rhythmicity in all but one case, the operant training procedure 

induced a daily rhythm of food intake, secondary to restriction of water access to 15 

min/day. During a subsequent week of ad-libitum food and water access, 6 of 7 rats 

exhibited a significant free-running rhythm, despite continued exposure to LL. Daily 
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restricted feeding has previously been shown to rescue circadian activity rhythms in 

hamsters made arrhythmic by exposure to LL (Mistlberger, 1993) and to induce rhythmic 

expression of PER2 in the SCN of rats maintained in LL (Lamont et al., 2005). 

Conceivably, even weak circadian organization could potentially support interval timing. 

Because our interval timing results differed from those of Agostino et al, we chose to 

repeat the LL experiment, keeping the rats (LL-RF) in LL for 100 days prior to training, 

and then restricting food to 6 daily meals at 4h intervals during the operant training and 

testing. When food access was spaced equally across the day no behavioral circadian 

rhythmicity was observed during testing or subsequent ad-libitum food and water 

access. This confirms that rescue of rhythmicity in LL-AdLib rats was mediated by the 

feeding binge that followed the time of water access. This is the first explicit 

demonstration, to our knowledge, of the potential circadian confound that is embedded 

in operant training protocols that employ food or water restriction. Such protocols are 

widely used in behavioral neuroscience (reviewed in Mistlberger, 1990). In our case, the 

potential confound present in LL-AdLib was ruled out as relevant by the results of the LL-

RF group. The results of this group indicate that interval timing is not dependent on a 

synchronized SCN circadian clock, and also cannot be dependent on circadian 

oscillators elsewhere in the brain or body that are entrained by circadian feeding 

schedules. 

Although no behavioral circadian rhythmicity could be detected in the LL-RF 

group, we nonetheless tested one final group of rats in LL, with the training and testing 

sessions scheduled pseudo-randomly. This schedule contained no non-photic circadian 

time cues to potentially rescue even covert circadian rhythmicity. Despite the complete 

absence of circadian time cues, interval timing in the LL-Random group was virtually 

indistinguishable from the other groups. The only difference detected in multiple post-

hoc statistical tests was an interaction between test session and group, with the LL-

Random group showing a lower Start Rate index compared to the LD-Adlib group, on 1 

of 5 sessions of 15-s fixed-interval training, and 1 of 5 sessions of 30-s fixed-interval 

training. The groups did not differ on the other 8 sessions and did not differ when 

averaged over all sessions. A direct comparison of group mean (and 95% confidence 

intervals) response distributions for the LD group and the LL-Random group shows the 

remarkable similarity of the two groups on both the 15-s and 30-s peak interval sessions 

(Fig. 6.9), despite severe disruption of circadian timing in the LL-Random group. 
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Using a random test schedule to eliminate circadian cues in LL rats could have 

been confounded by variability in the motivation to respond from session to session, due 

to the differences in the duration of water deprivation preceding each session. This could 

have artificially deflated the Start Rate Index. However, any differences in motivational 

state across sessions would have been averaged out over the course of training. The 

results, in aggregate, indicate that interval timing in the LL-Random group was as robust 

and accurate as in the other groups, including the LD-AdLib rats. 

The control rats in the present study were trained and tested only during the light 

period, therefore the results do not provide evidence for or against circadian modulation 

of interval timing. The commonly cited evidence for circadian modulation of interval 

timing is complicated by inconsistencies across studies in the parameters of interval 

timing reported to be modulated. One study in rats reported an earlier peak, suggesting 

a faster clock speed, during the dark period, when rats are active and body temperature 

is at the circadian maximum (Shurtleff et al., 1990). This is consistent with the positive 

correlation between inferred clock speed and body temperature in humans. However, 

another study reported that clock speed did not vary with time of day in rats, although 

modality-specific memory and attentional components of interval timing did vary (Meck, 

1991). A third study, using mice, reported that interval timing accuracy, but again not 

clock speed, varied with circadian phase (Agostino, do Nascimento, et al., 2011). This 

range of findings indicates that the manner in which the circadian system modulates 

interval timing is not yet settled. 

A widely observed feature of time perception is the ‘scalar property’ (Gibbon, 

1977), which refers to the observation that the precision in the response distribution 

scales linearly across different target intervals. Our data show a small, but significant, 

violation of this property; although absolute peak widths were broader at the 30-s interval 

compared to the 15-s interval (i.e., timing is less precise at longer intervals), the relative 

peak widths were slightly narrower for the 30-s peak procedure (where scalar timing 

predicts no difference). This feature was evident in all four groups of rats, indicating that 

it was not related to circadian rhythmicity, which differed markedly across groups. 

Violations of the scalar property have been reported and discussed in the literature (Bizo 

et al., 2006; Crystal, 1999; Crystal & Baramidze, 2007; Gallistel et al., 2004; Lewis & 

Miall, 2009). Violation of scalar timing may reflect improved temporal discrimination 

when target intervals match the native frequency of ultradian oscillators hypothesized to 
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mediate short-interval time perception (Crystal, 1999). Alternatively, because we did not 

counter-balance the training sequence, the observed violations may be due to after-

effects from training on the 15-s task first. However, if this were due to memory 

interference from prior training one would expect the violation to be in the opposite 

direction. In any case, the same pattern was observed in all four of our animal groups, 

again demonstrating that circadian disruption failed to affect a characteristic of interval 

timing that was evident using our procedure. 

In conclusion, the results of this study demonstrate that short interval timing in 

rats does not require coherent circadian output from the SCN circadian pacemaker or 

from food-entrainable oscillators elsewhere in the brain, and does not reflect the 

periodicity of the SCN pacemaker when chemically forced out of entrainment to LD. 

These results support and extend previous findings suggesting that circadian and 

interval timing are based upon distinct neurobiological processes. The results do not rule 

out the possibility that there are species differences in how interval timing is affected by 

chronic bright light or circadian disruption, but do rule out the possibility that such effects 

as previously reported represent a general property of interval timing in mammals. 
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Figure 6.6. All actograms 

 
Single-plotted activity records (10 min bin size) from all 21 experimental animals in the LL-AdLib, 
LL-RF, and LL-Random groups. Rats were maintained in LL with food available either ad-libitum 
(A, C) or restricted to 6 daily 30-min food access periods (B). Training and testing times are 
denoted by opaque blue boxes. Food access periods (in B) are denoted by opaque green boxes. 
Food deprivation is denoted by red shading. 
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Figure 6.7. Activity profiles and periodogram analyses of rats during LL-Adlib and 
LL-RF experimental protocols 
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Activity records and periodogram analyses of all rats in the LL-AdLib and LL-RF groups during 3 
days in constant conditions without disturbance. Activity data are plotted as running waveforms of 
counts/10 min time bine for 72 consecutive hours, and as double-plotted actograms. The peak 
periodicity detected by Lomb Scargle periodogram are indicated on each periodogram graph. The 
thin horizontal green line on each graph indicates significance at the 0.01 level. Among the 7 rats 
in the LL-Adlib group, one (Rat 7) showed a significant circadian component peaking at 25.95h, 
and another (Rat 4) had a weakly significant component at ~25 hours. The other 5 rats in this 
group exhibited no significant circadian component. In the LL-RF group, none of the rats exhibited 
a significant circadian periodicity. 
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Figure 6.8. L-S periodogram analyses of rats during the LL-Random experimental 
protocol 

 
Results of Lomb-Scargle periodogram analyses on three separate blocks of days during the LL-
Random experimental protocol: A) 10-day block prior to all operant training (following ~45 days in 
LL), B) 7-day block of ad-lib food and water access following training on the 15-s task, C) 7-day 
block following the food deprivation test after testing on the 30-s interval. The green line indicates 
significance at the 0.01 level. Despite the long-term exposure to bright light and the random 
training and water restriction schedule, two rats (23 and 24) showed a significant periodicity in the 
circadian range on all three blocks of days. Although meeting criterion for statistical significance, 
the amplitude (see maximum values on the Y-axis) of these circadian components are one to two 
orders of magnitude lower than circadian amplitudes typical of rats entrained to LD cycles. 
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Figure 6.9. Group means (±98% CI) for LD-Adlib and LL-Random groups 

 
Group mean (± 95% confidence intervals) response rates of LD-AdLib and LL-Random groups 
(N=7 rats each) on PI-15 second and PI-30 second trials. 

Table 6.1. Curve parameters and Start and Stop Rate Indices 
Curve Parameters (mean±stdev) 

Peak Time LD LL-AL LL-RF LL-Random (N=7) LL-Random (N=5) 

PI-15 0.97±0.10 0.98±0.07 0.99±0.09 1.01±0.12 0.99±0.14 

PI-30 1.04±0.16 1.04±0.07 1.03±0.09 1.07±0.09 1.07±0.10 

      

Peak Time LD LL-AL LL-RF LL-Random (N=7) LL-Random (N=5) 
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PI-15 0.58±0.13 0.49±0.07 0.58±0.14 0.58±0.12 0.60±0.13 

PI-30 0.49±0.14 0.41±0.09 0.49±0.11 0.44±0.10 0.44±0.12 

      

Peak Rate LD LL-AL LL-RF LL-Random (N=7) LL-Random (N=5) 

PI-15 44.96±26.67 66.28±31.21 52.64±19.33 49.29±19.44 48.9±22.68 

PI-30 26.74±21.18 33.09±21.00 36.77±17.41 35.53±23.82 39.50±27.07 

 

Start and Stop Rate Indices (mean±stdev) 

Start Rate 
Index 

LD LL-AL LL-RF LL-Random (N=7) LL-Random (N=5) 

PI-15 1.78±0.24 1.84±0.33 1.80±0.19 1.82±0.23 1.75±0.20 

PI-30 2.09±0.46 2.19±0.22 2.07±0.19 2.20±0.26 2.13±0.27 

      

Stop Rate 
Index 

LD LL-AL LL-RF LL-Random (N=7) LL-Random (N=5) 

PI-15 1.62±0.28 1.79±0.20 1.57±0.22 1.53±0.15 1.59±0.13 

PI-30 1.57±0.45 1.74±0.23 1.62±0.28 1.67±0.38 1.76±0.42 

 

D2O Curve Parameters (mean±stdev) 

 H2O-1 D2O-1 D2O-2 H2O-2 

Peak Time 1.00±0.15 1.06±0.08 1.02±0.06 1.06±0.08 

Peak Width 0.50±0.17 0.37±0.03 0.42±0.05 0.38±0.04 

Peak Rate 32.22±23.26 33.17±15.70 45.63±11.46 34.00±13.31 

 

D2O Start and Stop Rate Indices (mean±stdev) 

 H2O-1 D2O-1 D2O-2 H2O-2 

Start 2.09±0.46 2.29±0.38 1.97±0.35 2.19±0.50 

Stop 1.57±0.45 1.70±0.39 1.64±0.30 1.63±0.43 
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Chapter 7. Discussion 

7.1. Summary of findings 

Circadian food anticipatory activity (FAA) refers to behavioral activity that 

appears prior to a regularly scheduled meal. FAA has been modeled as the output of a 

food-entrainable circadian oscillator (FEO) that is independent at both the anatomic and 

molecular level from the light-entrainable circadian pacemaker in the suprachiasmatic 

nucleus. Complicating the FEO model of food anticipation, however, are early reports 

that rats could anticipate two daily mealtimes. Anticipation of two daily meals could be 

explained by three different mechanisms. First, the FEO could be composed of two 

distinct oscillators, coupled under normal conditions, but capable of dissociating when 

presented with twice-daily feeding opportunities. Evidence supporting this model are 

reports that while rats readily anticipate two daily mealtimes, they could not anticipate a 

third, and that rats could anticipate two mealtimes that occurred at differing frequencies 

in the circadian range. A second mechanism by which rats could anticipate more than 

one daily mealtime would be to associate the phases of a single oscillator that is 

entrained to one of the mealtimes to that of the other meals. Phase of that oscillator 

could then act as a marker for food presentation at the other mealtimes, signaling to the 

rat when to become active and search for food. The use of circadian oscillators as 

consulted clocks is believed to underlie time-place learning in honeybees, birds, and 

rodents. Evidence for anticipation to more than two daily meals would be most 

consistent with this kind of model. The third mechanism used to account for anticipation 

of multiple daily mealtimes would be the use of interval timing. Although relatively little 

attention has been paid to the timing of intervals in the hours range, it has been reported 

that rats can anticipate long, but non-circadian intervals when anticipation is measured 

by operant responding. Additionally, recent evidence that disruption of circadian 

rhythmicity by constant light (LL) abolishes interval timing in mice potentially indicates a 

much closer relationship between circadian clocks and interval timing than has 

traditionally been supposed. 

The purpose of the work presented in this thesis is to re-evaluate and further 

explore the evidence for the various mechanisms used to explain anticipation to multiple 



133 

daily meals. Results should allow us to build a more comprehensive model, better 

supported by the evidence. 

7.1.1. Rats can anticipate more than two daily meals 

The first aim of this thesis was to address the question of the upper limit on the 

number of daily meals intact and SCN-lesioned rats can anticipate. Contrary to previous 

reports, rats can anticipate three, and in some cases four, daily meals. Of 20 rats (7 

intact and 13 SCN-lesioned) maintained on the three-meal schedule, all but one showed 

evidence of anticipatory activity prior to all three mealtimes on one or more consecutive 

days. Of the seven intact rats maintained on the four-meal schedule, four exhibited 

anticipatory activity prior to all four meals on at least some days. The remaining three 

rats displayed consistent anticipatory activity to three of the four meals, with most of 

these failing to anticipate the ZT3 mealtime. At a group level, anticipation was evident 

when measured as either general cage activity (data not shown) or operant responding. 

During meal omission tests in both the three- and four-meal schedules, peaks of activity 

occurred at the expected mealtimes in both intact and SCN-lesioned rats. 

When a single mealtime was eliminated mealtime-associated activity persisted at 

the same phase and gradually extinguished in SCN-intact rats. However, in SCN-ablated 

rats, mealtime-associated activity gradually delayed to the next mealtime in nearly every 

rat. While the findings in intact rats would favor a consulted clock model of multiple meal 

anticipation, the observed transients in SCN-lesioned rats argue strongly against such a 

model. The SCN may constrain shifting of FAA when one of three or four mealtimes is 

discontinued through coupling with food-entrainable oscillators. 

7.1.2. Rats can anticipate two meals presented at different 
periodicities 

The second aim of this thesis was to confirm that intact and SCN-lesioned rats 

could anticipate two mealtimes with differing periodicities within the circadian range and 

to test at what periodicities food anticipatory activity would persist when animals were 

food deprived. We found that rats can anticipate two daily meals occurring at differing 

frequencies, though this anticipation is strongly modulated by phase relationships 

between the two meals as well as between the meals and the LD cycle. During food 
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deprivation tests, the two bouts persisted with a periodicity characteristic of the previous 

feeding schedule to which each was aligned. Notably, even when anticipation for a meal 

was not evident, it could be ‘unmasked’ by omitting the meal. This unmasking procedure 

revealed that rats can distinguish between two mealtimes separated by as little as two 

hours. This suggests that failure to observe FAA at some phase relationships is due to 

processes downstream of the FEO. The after-effects of entrainment observed in the 

persisting meal-associated activity during food deprivation may be the strongest 

behavioral evidence favoring a multiple entrained oscillator model of two-meal 

anticipation. 

7.1.3. Rats do not rely on an interval timing mechanism in the 
anticipation of multiple daily meals and utilize a circadian 
timing mechanism in the anticipation of some long, non-
circadian intervals 

Symmetrical intermeal intervals were used in the three- and four-meal studies, 

raising the possibility that FAA could be based on ultradian oscillators with periodicities 

of eight and six hours respectively, or on mechanisms involved in the timing of short 

intervals. Interval timing can be distinguished from circadian timing by several properties. 

First, anticipatory responding in the timing of short intervals does not persist if the cue 

(or the reward as cue) is omitted (though see Crystal, 2006). Second, timing should 

reset immediately if a reward is provided early or late. Third, the anticipatory response 

distribution should scale with the duration of the interval being timed (though see Bizo et 

al., 2006; Crystal, 1999; Crystal & Baramidze, 2007; Gallistel et al., 2004; Lewis & Miall, 

2009 for deviations). One outcome of this so-called ‘scalar property’ is that when 

probability of responding is plotted as a function of relative time, the response curves for 

different intervals are superimposable regardless of the length of the interval (Gibbon, 

1977). If rats were utilizing an interval timing mechanism to time from one feeding event 

until the next in three or four daily meal schedules, elimination of one feeding time 

should disrupt anticipation of the following mealtime, as the new interval between 

feeding events would have to be relearned. However, the fact that we see not only 

persistent lever pressing activity to the omitted meal but, crucially, a rise in lever 

pressing again prior to the following meal provides evidence that anticipation of one 

mealtime is not dependent upon the presentation of meals at a prior mealtime, which is 

more consistent with an oscillator-based model of multiple meal anticipation. 
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Furthermore, differing intervals between mealtimes should result in differing 

response distributions to the mealtimes, as per the scalar property of interval timing. We 

examined this in two ways. First, comparison of response distributions to the six-hour 

interval (four-meal schedule) and the eight-hour interval (three-meal schedule) failed to 

show any significant differences, a violation of the scalar property. Additionally, meal 

elimination experiments in the three- and four-meal feeding schedules allowed us to 

examine the response distributions to asymmetrical feeding schedules, still provided at 

fixed times of day. Again, no significant differences in response distribution were 

observed to intermeal intervals ranging from 6- to 16-hours, again suggestive of a 

circadian mechanism rather than one based on interval timing. 

Finally, in reports of long-interval timing of 16- and 18-hour intervals meals fall 

repeatedly at just a few phases every two or three circadian cycles, e.g., at 16-hours, 

meals occur at only three times of day, while at 18-hours, meals occur at only four times 

of day. Apparent anticipation of 16- and 18-hour feeding schedules could therefore be 

based on entrainment of multiple circadian FEOs, or on discrimination and memory for 

phase of a single circadian oscillator. 

When rats were maintained on a 16-hour feeding schedule operant responding 

showed a 6-hour post-meal pause, stable responding for five hours, and then 

accelerated responding two hours prior to mealtimes. This anticipation was driven by 

increased activity at each of the three possible daily mealtimes, i.e., three meal 

anticipation. When food deprived in constant dark nearly all rats displayed mealtime 

associated activity persisting at the ZT10 and ZT18 mealtimes, while several displayed 

persisting anticipation of all three mealtimes, again consistent with three-meal 

anticipation. 

In the case of the 18-hour feeding schedule, operant responding showed at best, 

weak temporal control by mealtime. When averaged over 18-hour cycles, responding on 

the T=18h schedule shows a 2–4-hour post-meal pause, a gradual increase in response 

rate over the next 2-3 hours, and relatively stable responding over the remainder of the 

interval. The fact that response rates then remain more or less steady over the next 16 

hours leads us to interpret temporary low response rates to be a matter of post-prandial 

satiety, not clock timing. 
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Based on the above evidence it appears that while rats do show anticipation of a 

16-hour feeding schedule, and possibly an 18-hour feeding schedule, they do so using a 

circadian mechanism by which they time three- or four-daily meals, respectively. It 

should be noted that we did not examine long, non-circadian intervals that are not 

harmonics of 24-hours. Taken with the lack of evidence for use of interval timing 

mechanisms in the three- and four-meal studies presented above, we continue to find no 

evidence of a significant role for interval timing in the anticipation of one or more daily 

meals. 

7.1.4. Short interval timing is not dependent upon a functioning 
circadian system 

Further supporting an interval timing model in the anticipation of multiple daily 

meals are reports that in mice the ability to time short intervals is dependent upon a 

functioning circadian pacemaker (Agostino, do Nascimento, et al., 2011). These findings 

indicate a closer relationship between these distinct timing mechanisms than has 

traditionally been supposed. 

The fourth and final aim of this thesis was to examine interval timing in rats in 

which circadian rhythmicity had been disrupted by long-term exposure to bright constant 

light or by chronic intake of 25% deuterium oxide (D2O) to better understand the 

relationship between the circadian and interval timing systems. 

Interval timing was found to be intact and unimpaired in animals housed in long-

term bright constant light, even when potential circadian time cues related to daily 

feeding or both daily feeding and daily testing were eliminated. Furthermore, 

deuteriation, which lengthens the period of SCN-dependent rhythms and disrupts 

entrainment to LD cycles, also failed to disrupt interval timing in rats housed in LD, 

despite marked circadian disruption. Taken together, these results indicate that, in rats, 

interval timing is not dependent on SCN-mediated circadian output. 

7.2. Modeling multiple meal anticipation 

Based on the results discussed in this thesis, we have proposed that the food 

entrainable oscillator (FEO) is composed of a population of oscillators with a broad 
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range of intrinsic periodicities centered around 24-hours (Petersen et al, 2021). Prior to 

restricted feeding these oscillators possibly exist in a damped state due to desynchrony 

within the population. Repeated exposure to a feeding zeitgeber induces enough 

synchrony within the population to engage a behavioral effector that results in a 

behavioral output (FAA). 

On a multiple daily meal schedule, oscillators closest to a given mealtime entrain 

to that meal. Presumably, once entrained to a given mealtime these oscillators are 

relatively resistant to the effects of other mealtimes, at least when meals are separated 

at the intervals used here (no less than six hours). How this resistance is accomplished, 

whether through changes in the phase response curve or other properties of FEOs, 

cannot be addressed here. 

When multiple meals are presented at differing frequencies (a two-meal T-cycle), 

the food entrainable oscillators may sort by intrinsic periodicity to entrain to the meal with 

the periodicity that more closely resembles the periodicity of the oscillator. In a two-meal 

T-cycle, oscillators entrained to one meal periodicity would be only weakly affected by 

the other meal due to this mismatch in periodicities. 

Expression of FAA to any given meal only occurs when a large enough fraction 

of oscillators is entrained to that meal. This fraction can presumably be no higher than 

25%, and is probably lower, otherwise we would fail to observe anticipation of four 

mealtimes. The fact that we did experience some difficulty in getting our rats to 

anticipate four daily meals suggests that four meals per day may be approaching, or 

even at, the limit. This difficulty, however, could also be explained by our relative 

difficulty in getting rats to eat equivalently at all four mealtimes. This could also account 

for the lack of any anticipation observed to the six-daily meal schedule used in the 

interval timing procedure. Note that in the six-meal schedule, only general locomotor 

activity was monitored, as meals were not dependent upon an operant response. 

Furthermore, equal meal sizes were not enforced. 

Expression of FAA is further modulated by time of day in intact rats and 

hunger/satiety levels. FAA levels are suppressed during the light phase, with 

suppression particularly acute in the first ~2 hours of the light phase (Petersen et al., 

2014), while levels are higher during the animals’ usual active phase. Satiety also 



138 

appears to have a suppressive effect on activity levels, as both activity and feeding are 

inhibited in the hours after a meal. This inhibition gradually fades as satiety gives way to 

hunger, which would induce higher levels of activity. Both time of day and hunger/satiety 

modulation likely occur downstream of the food entrainable oscillators themselves 

through influence on the behavioral effector switch that determines FAA expression. 

7.3. Summary 

To summarize, the studies in this dissertation provide novel evidence that rats 

can anticipate more than two daily meals, that this anticipation persists when the rats are 

food deprived in constant conditions, and that this anticipation is not dependent upon an 

intact SCN. We also confirm the evidence that rats can anticipate two meals scheduled 

with different periodicities. Critically, we found that both bouts of anticipation can persist 

during total food deprivation with the free-running period determined by the feeding 

cycle. This is not dependent upon an intact SCN. Furthermore, we found evidence that 

rats do show anticipation of 16-hour feeding schedules, and may show some evidence 

of anticipation of 18-h feeding schedules, however they do so using a circadian 

mechanism by which they time three- or four-daily meals, respectively. Finally, by failing 

to find evidence for alterations in the ability to time short intervals in rats with circadian 

disruption due to long-term bright constant light or chronic deuteriation, we provide 

additional evidence that circadian rhythms such as the ability to anticipate a daily meal 

and the ability to time short intervals utilize different mechanisms. 
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