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Abstract

The experiments described in this Dissertation were designed to assess the process by 

which the master circadian clock in the suprachiasmatic nuclei (SCN) can be entrained by 

normocaloric scheduled feeding. Mouse lines that differ in some circadian rhythm characteristics 

and features of the SCN were used in these experiments. The initial experiment showed that the 

lines differ in the percentage of individuals that entrained to scheduled feeding. In mice that 

entrained to scheduled feeding, both wheel-running activity and the molecular clock in the SCN 

were synchronized to the time of food provision. The molecular clock in the SCN remained in 

phase with the free-running light entrainable activity component in mice that did not entrain to 

scheduled feeding. Subsequent experiments were performed to determine if line-specific 

differences in entrainment were related to differences in circadian rhythm characteristics. Several 

circadian characteristics showed line effects, but no differences between mice that entrained and 

those that did not entrain were found. The next series of experiments assessed the influence of 

non-photic factors not directly related to food availability and food ingestion. The results 

indicated that the timing of food availability relative to the phase of the SCN during the initial 

phase of the experiment, and factors related to disturbance, influenced entrainment. Three factors 

suggest involvement of the FEO in entrainment to scheduled feeding: 1) it is a circadian oscillator 

that is entrained by scheduled feeding; 2) entrained mice express robust food anticipatory 

behavior; and 3) the time of food provision corresponds to the peak of mPER2 expression in the 

SCN of entrained mice. The results of the disturbance experiments raise the possibility that the 

entrainment signal may be generated by a system other than the FEO, perhaps one related to 

arousal state or reward processes. Ultimately, multiple factors influencing entrainment of the 

SCN and SCN-controlled circadian rhythms by scheduled feeding are likely to be identified. 

These factors may include the combined influence of all non-photic signals received by the SCN,



differences entrainment signal strength, and differences in the sensitivity or responsiveness of the 

clock mechanism due to genetic variation.
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Chapter One 

General Introduction

Being able to respond to changes in environmental conditions is essential to an 

organism’s ability to maximize its survival and reproductive fitness. Many of the changes in 

environmental conditions that impact the lives of living organisms happen in a cyclic or periodic 

fashion. The period of the rhythm is the length of time it takes to complete one cycle. Most 

environmental conditions cycle with periods based on the astronomical cycles of one revolution 

of the earth on its axis (daily cycles), one revolution of the moon around the earth (lunar cycles), 

or one revolution of the earth on its orbit around the sun (annual cycles). Tidal rhythms are also 

based on astrological cycles, in this case determined by the gravitational pulls of the moon and 

sun on the water of the earth’s oceans. The most obvious and predictable characteristic of most 

terrestrial environments is the daily cycle of light and dark (reviewed in (14)).

Organisms have evolved endogenous time-keeping systems that allow them to take 

advantage of the reliability of the environmental cycle in light and dark. They use this daily 

signal to organize their behavior and physiological process to occur at optimal times during the 

24 hour cycle (14). This time-keeping system is, in essence, an internal clock or pacemaker. The 

internal clock acts to maintain the relationship between physiological process and behaviors when 

animals are held in constant light (LL) or constant dark (DD). The persistence of rhythmic 

behavior under constant lighting conditions with a circadian (near 24 hour) period was the first 

conclusive evidence for the existence of an endogenous clock. Circadian rhythms have now been 

described in a wide variety of behaviors and physiological processes in diverse organisms, 

including plants, unicellular organisms, vertebrates, invertebrates, and insects (reviewed in (34, 

35)).
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The free-running period of the circadian rhythm is specific to the individual, i.e., the free- 

running period is the same regardless of the rhythm being measured. This implies that circadian 

rhythms are under the control of a single circadian pacemaker. Pittendrigh and Daan (15, 16, 36- 

38) provided a review of findings in nocturnal rodents, discussed comprehensive clock theory for 

circadian pacemakers, and described a system of rhythm analysis that still forms the basis for the 

assessment of clocks and circadian rhythms today. Pittendrigh and Daan (36) also identified two 

separable clock functions: 1) the ability to measure the passage of time; and 2) the ability to 

recognize local time.

Two circadian pacemakers have been extensively studied. These are the light-entrainable 

oscillator (LEO) and the food entrainable oscillator (FEO). However, much more is known about 

the LEO than the FEO. Both oscillators have been well characterized behaviorally, but a series of 

fortuitous findings coupled with the development of molecular techniques has led to an explosion 

in our knowledge of the location, structure, mechanisms, and function of the LEO.

The fact that behavioral rhythms show a 24 hour period under natural conditions or a 24 

hour light:dark (LD) cycle in the laboratory, but free-run in constant lighting conditions led early 

circadian researchers to question how the endogenous circadian clock was entrained by the LD 

cycle. They approached this question in two ways. The first way was to look at how behavioral 

rhythms were altered by a change in the time of lights-on, lights-off, or both. The second method 

was to assess the effect of a short light pulse given at a specific phase of the circadian cycle on a 

behavioral rhythm while the animals were kept in constant darkness (DD). To assess the effect of 

the light pulse, researchers compared a best-fit line placed through the onsets on days preceding 

the light pulse to one placed through days following the pulse. The difference between the time 

of onset estimated by extending these lines to the day of the pulse was used to determine the 

magnitude of the phase shift. A light pulse caused subsequent activity onsets to occur earlier
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(phase advance), later (phase delay), or at the expected time (no phase shift) relative to the time 

predicted by the best-fit line for the days preceding the pulse (16, 18). Data collected in response 

to light pulses delivered at regular intervals throughout the circadian cycle could then be plotted 

and a phase response curve (PRC) produced. The basic form of the PRC, but not its amplitude, 

was similar across species with maximum delays near the time of activity onset (defined as 

circadian time (CT) 12), maximum advances in the middle of the subjective night (approximately 

CT16-20), and a period in the middle of the subjective day (approximately CT6-10) when light 

pulses did not cause appreciable phase shifts. Because light is the primary factor influencing 

phase shifting and entrainment this circadian clock has been referred to as the light-entrainable 

oscillator (LEO) or light-entrainable pacemaker. Activity rhythms controlled by the LEO are 

known as light entrainable activity (LEA).

The suprachiasmatic nuclei (SCN), small (approximately 10,000 cells each), paired 

structures located in the anterior hypothalamus just above the optic chiasm and adjacent to the 

walls of the third ventricle, was identified as the mammalian LEO (reviewed by Takahashi et al. 

(51)). The circadian clock in the SCN also came to be known as the “master” circadian clock of 

mammals. The designation of “master” denotes the fact that this clock directly drives many 

rhythmic behaviors and physiological processes.

The central role of the SCN in the expression and entrainment of circadian rhythms by 

light was initially established by a series of lesion experiments in which destruction of the SCN 

resulted in arrhythmicity, while animals with lesions of adjacent regions that spared the SCN 

showed normal circadian rhythms. The fortuitous discovery of a hamster carrying a genetic 

mutation which resulted in a short free-running period (tau) compared to normal hamsters and the 

subsequent establishment of a line of hamsters carrying this mutation set the stage for a lesion and 

transplantation experiment that truly established the SCN as the master circadian clock. In this
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experiment (39), the researchers lesioned the SCN of adult normal and tau mutant hamsters, 

verified that the lesion caused arrhythmicity of the behavioral activity rhythm, and then 

transplanted the SCN from the opposite strain into the arrhythmic animals. They found that after 

a period of recovery, animals with successful transplants became rhythmic and free-ran with a 

period typical of the SCN-donor strain (39). Weaver (55) provides an excellent review of the 

advances made during the first 25 years following the identification of the SCN as the circadian 

clock in mammals.

The identification of the SCN as the anatomical location of the LEO and the development 

of molecular genetics techniques quickly led to the identification of a set of genes that form the 

core mechanism of the clock: Clock, Sm all, three Period (Perl, 2 & 3), and two Cryptochrome 

(Cryl & 2) genes. The transcription and translation of these genes and their various interactions 

create a series of interconnected positive and negative feedback loops that together result in the 

production of a self-sustaining circadian rhythm in gene expression. Light impacts the molecular 

mechanism of the clock by inducing the expression of the Period genes when their levels are 

usually low and ultimately results in a phase shift of the clock mechanism that mirrors the effect 

of light on behavioral rhythms.

Although light is the most obvious and reliable environmental cycle in most 

environments it is not the only environmental signal that may have biological relevance 

(reviewed in (4, 19, 42)). When non-photic events (e.g., food availability, predation pressure, 

availability of mates, competition, presence of pollinators, etc.) are both rhythmic and important 

to fitness, predicting and preparing for such events is advantageous (19). This could be done by 

either modification of an existing pacemaker system so that it becomes sensitive to an additional 

signal or through the evolution of a separate pacemaker mechanism. In either case, the relative 

importance of all of the environmental signals, photic and non-photic, to the animal’s survival
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and fitness should govern whether or entrainment to a specific signal in a specific situation is 

advantageous. Both types of adaptation occur and have been studied extensively.

The strongest evidence for the existence of non-SCN circadian oscillators comes from 

three general types of findings: 1) cells cultured from peripheral tissues show circadian rhythms; 

2) peripheral tissues show rhythmic expression of clock genes; and 3) some circadian behavioral 

rhythms persist in SCN-lesioned animals. One well characterized non-photic circadian oscillator 

is the FEO. Animals that are fed only at specific times of day quickly begin to show increases in 

behavioral activity in anticipation of the time of food provision. This food anticipatory activity 

(FAA) was first described by Richter (41). Changes in the digestive system that prepare the 

animal for ingestion of a meal and improve the efficiency of digestion have also been reported 

(13). When feeding is temporally separated from an animal’s normal activity period, for 

example, by feeding a nocturnal animal during the middle of the day, two behavioral activity 

components are expressed, LEA and FAA (reviewed in (28, 46)). These rhythms are most clearly 

visible in daily records of voluntary activity, such as wheel-running behavior.

The independence of FEO and LEO can be demonstrated in a variety of ways. Animals 

can simultaneous express FAA entrained to 24 hour food availability schedules and free-running 

rhythms of LEA (22). Animals can also simultaneous express LEA entrained to a 24 hour LD 

cycle and FAA entrained to a feeding schedule with a period >24 hours (29). SCN-lesioned 

animals express normal FAA and can be entrained to scheduled feeding (47). Unfortunately, all 

attempts to locate the FEO and to identify its molecular mechanism have been unsuccessful.

Although the LEO and FEO are structurally separate and can function independently, 

normally the FEO is entrained by the LEO when food is available ad libitum (46). When food is 

temporally restricted, the FEO may influence the SCN and therefore its output behaviors. The 

strength of the coupling between the FEO and LEO varies between species as evidenced by
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differences in the percentage of animals that entrain to scheduled feeding or that show effects on 

the period of their light-entrainable circadian rhythms (9, 46). Scheduled food availability can 

entrain LEA in a variety of mammals, although the percentage of entrainment varies widely 

among species and feeding protocols (1, 22, 25, 27, 44, 45). In general, feeding schedules that 

provide animals with a normal amount of calories per day (normocaloric feeding) are less likely 

to cause entrainment of LEA than ones in which animals are undernourished (hypocaloric 

feeding, reviewed in (9)).

Earlier work examining the effect of normocaloric scheduled feeding in DD on the 

molecular clock mechanism of the SCN found that it did not alter the phase of cyclic clock gene 

expression, a reliable marker of SCN phase (17, 21, 54). Normocaloric scheduled feeding was 

also found to have no influence on the temporal organization of molecular components of the 

SCN clock under LD (17, 21, 48, 54). In contrast, hypocaloric scheduled feeding entrained the 

locomotor activity and body temperature rhythms in rats (10) and modified the phase angle of 

entrainment to light in rats and mice (11, 12, 22).

Other non-photic signals have also been shown to alter circadian rhythms in behavior and 

to influence the molecular mechanism of the clock in the SCN. Simple handling of the animals 

(26, 33), exposure to a novel running wheel (3, 32, 40), and timed injections of saline (26, 49) can 

all cause phase shifts of behavioral rhythms. Some non-photic signals are also capable of 

entraining the SCN and its output rhythms. Scheduled daily activity in the form of forced 

treadmill running (24), voluntary wheel-running (20), and timed daily injections of saline (49), 

melatonin (43), or triazolam (52) can all entrain behavioral rhythms. Non-photic signals typically 

stimulate intense activity, and, when that activity is prevented, phase shifts or entrainment are 

also usually prevented (30, 31, 53).
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The overall intent of my research was to better clarify the relationships between photic 

and non-photic signals, behavior, and characteristics of the SCN. Most of this research used 

mouse lines bi-directionally selected for differences in thermoregulatory nest-building behavior 

(5, 7, 8); however, one experiment used mice from lines selected for increased levels of voluntary 

wheel running (23, 50) and unselected controls from the same stock strain (Mus domesticus\ 

Hsd:ICR strain). The differences in SCN and circadian rhythm characteristics between selected 

lines (2), despite their common genetic stock, allow us to answer important questions about what 

determines entrainment.

1.1 Study Objectives

Objectives of the core dissertation research:

1. To determine if mouse lines that differ in a variety of circadian rhythm characteristics 

and in expression of some clock gene mRNAs and proteins within the SCN (2, 6, 8) 

differ in their response to normocaloric scheduled feeding when it is initiated in LD and 

continued in subsequent DD.

2. To determine if differences among mouse lines in circadian rhythm characteristics in 

LD and DD under ad libitum feeding predict the response of individuals within the lines 

to normocaloric scheduled feeding when it is initiated in LD and continued in 

subsequent DD.

3. To assess differences between individuals within lines in circadian rhythm 

characteristics and determine if such differences predict of the behavioral response to 

normocaloric scheduled feeding when it is initiated in LD and continued in subsequent 

DD.



4. To describe the effects that altering components of the scheduled feeding procedure 

have on entrainment, and to assess the relative roles that other non-photic signals may 

play in entrainment to the normocaloric scheduled feeding.

Objectives of research related, but not integral, to this dissertation:

1. To assess whether the magnitude of phase delays in response to a 15 min light pulse at 

CT16 is correlated with mPerl and/or mPer2 gene expression in the SCN in two mouse 

lines that differ in the magnitude of their behavior response.

2. To determine whether the number of A VP neurons in the SCN is correlated with the level 

or circadian characteristics of wheel-running activity in mouse lines selected for high 

levels of voluntary wheel-running and consequently high amplitudes of the circadian 

wheel-running activity rhythm.

3. To investigate whether two mouse lines, previously reported to differ in circadian 

patterns of wheel-running activity and the magnitude of light-induced phase shifts, also 

differ in circadian expression of body temperature.
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Chapter Two

Entrainment of the Master Circadian Clock by Scheduled Feeding1

2.0 Abstract

The master circadian clock, located in the mammalian suprachiasmatic nuclei (SCN), 

generates and coordinates circadian rhythmicity, i.e., internal organization of physiological and 

behavioral rhythms that cycle with a near 24-hour period. Light is the most powerful 

synchronizer of the SCN. Although other non-photic cues also have the potential to influence the 

circadian clock, their effects can be masked by photic cues. The purpose of this study was to 

investigate the ability of scheduled feeding to entrain the SCN in the absence of photic cues in 

four lines of house mouse (Mus domesticus). Mice were initially housed in 12:12 light-dark cycle 

with ad libitum access to food for 6 hours during the light period followed by 4-6 months of 

constant dark under the same feeding schedule. Wheel running behavior suggested and circadian 

PER2 protein expression profiles in the SCN confirmed entrainment of the master circadian clock 

to the onset of food availability in 100% (49/49) of the Line 2 mice in contrast to only 4% (1/24) 

in Line 3 mice. Mice from Line 1 and Line 4 showed intermediate levels of entrainment, 57% 

(8/14) and 39% (7/18) respectively. The predictability of entrainment versus non- 

entrainment in Line 2 and Line 3 and the novel entrainment process provide a powerful tool with 

which to further elucidate mechanisms involved in entrainment of the SCN by scheduled feeding.

Keywords: non-photic entrainment, scheduled feeding, suprachiasmatic, PER2, wheel-running 

activity

*A previous version of this chapter was published as Castillo MR*, Hochstetler KJ*, Tavemier 
RJ, Greene DM, and Bult-Ito A. Entrainment of the master circadian clock by scheduled feeding. 
Am J  Physiol Regul Integr Comp Physiol 287: R551-R555, 2004. *M.R. Castillo and K.J.
Hochstetler contributed equally to this work.
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2.1 Introduction

The suprachiasmatic nuclei (SCN) of the anterior hypothalamus are the master circadian 

(near 24-hour) clock in mammals, entraining clocks located in other brain regions and peripheral 

organs (26, 33). The clock mechanism consists of molecular feedback loops containing positive 

and negative elements, i.e., clock gene products, that cycle with a near 24-hour period in the 

absence of external signals (26). Light, the strongest natural zeitgeber or timing cue, shifts the 

clock so that it can entrain to the external light-dark cycle (28). Scheduled food availability is 

one of several non-photic periodic signals (24, 25) that have been shown to entrain behavioral 

rhythms (17, 19, 22). Although entrainment of the master circadian clock was inferred in these 

studies (17, 19, 22), it was not confirmed at the level of the SCN (12).

When feeding is dissociated from the normal activity period, by allowing animals to eat 

only during their inactive period, two behavioral activity components result. One component 

entrains to and is in anticipation of onset of food availability, i.e., food anticipatory activity 

(FAA), which is controlled by a SCN independent food-entrainable clock. The other is the 

animal’s normal nocturnal or light-entrainable activity (LEA) component, which is controlled by 

the SCN when food access is not limited and has been presumed to be controlled by the SCN 

when access to food is temporally limited (8). The likelihood of the free-running LEA 

component being entrained by scheduled daily feeding in constant dark (DD) is species specific. 

Hamsters typically show behavioral entrainment to scheduled daily feeding (22), mice are 

moderately likely to entrain (17, 19), while in rats entrainment is atypical (22). In mice, factors 

correlated with the likelihood of entrainment to scheduled daily feeding in DD include the 

closeness of the period of the feeding schedule to the period of the free-running rhythm (19, 22) 

and whether the feeding schedule is hypocaloric or normocaloric (9). Recent studies of clock 

gene expression, i.e., Period 1 (Perl) and Period 2 (Per2), in mice and rats have emphasized that
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the phase of clock gene expression rhythms in the SCN is unaffected by restricted daytime 

feeding under a light-dark (LD) cycle. In contrast, clock gene rhythms expressed by peripheral 

tissues reveal that these tissues track the phase of mealtime (8, 12) rather than the LD cycle. Here 

we show the first evidence that scheduled feeding without caloric restriction entrains wheel- 

running behavior and the master circadian clock in mice, as quantified by circadian protein 

expression profiles of the clock gene mouse PERIOD2 (mPER2) in the SCN.

2.2 Materials and Methods

2.2.1 Animals

Male mice (Mus domesticus) at least 50 days old at the start of experiments were taken 

from four lines bidirectionally selected for thermoregulatory nest-building behavior, which 

resulted in two independently maintained replicate lines each of small and big nest-builders (Line 

1 (Small 1), Line 2 (Small 2), Line 3 (Big 1) and Line 4 (Big 2) (3, 6, 7). Testing in cages with 

running wheels revealed significant differences between big and small nest-builders in several 

circadian rhythm characteristics, including robustness of the locomotor activity rhythm and 

magnitude of light-induced phase shifts (2, 4, 34). These lines also show characteristic 

differences in expression of some clock gene mRNAs and proteins within the SCN (2, 4, 7, 34).

2.2.2 Scheduled feeding paradigm

Mice were individually housed in polycarbonate cages (21x37x14 cm) equipped with a

24.2 cm diameter running wheel (Nalgene, Rochester, NY) on wood shavings. Mouse chow 

(Purina Mills, Lab Diet Mouse Diet #5015, St. Louis, MO) was available ad libitum until the start 

of scheduled feeding, while access to water was unrestricted throughout the experiment. Wheel- 

running data were collected in 5-min bins using the VitalView data collection system (MiniMitter
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Co., Inc., Bend, OR) following standard protocols (2, 34). Activity data were analyzed with the 

following software: Actiview (MiniMitter), ClockLab (Actimetrics, Evanston, IL) and MatLab 

(The MathWorks, Inc., Natick, MA). Animal care and experimental procedures were approved 

by the University of Alaska Fairbanks Institutional Animal Care and Use Committee (protocols 

#00-06 and #02-54).

Following an initial period of ad libitum feeding on a 12:12 LD cycle, duration of food 

availability was decreased to 10 h (food available from 4 h after lights on until 2 h after lights 

off). Subsequently, food availability was reduced to 6 h by removing food 1 h earlier every three 

to seven days. After 1 or 2 weeks on the 6-h feeding schedule under the 12:12 LD cycle, the light 

cycle was changed to constant dark beginning at the normal time of lights off for all animals. 

Animals remained on the 6-h feeding schedule in DD until the end of the experiment. Mice were 

characterized as entrained when they had a stable phase and period of the wheel-running activity 

rhythm relative to the period of food availability for at least two weeks. The onset of LEA was 

obscured by FAA and, therefore, onset of LEA was extrapolated by drawing a line through the 

onset of LEA for at least 7 days prior to the period when LEA merged with FAA. The start of 

stable entrainment was defined as the time when the extrapolated onset of the LEA component 

reached the time of onset of food availability and was directly followed by a stable phase and 

period of activity.

Once scheduled feeding was initiated, bedding was changed daily at the time of food 

removal to prevent animals from hoarding food. Cages were changed weekly. Mean daily food 

usage was measured after food removal starting from the last week of ad libitum feeding to the 

end of the experiment. Food usage, rather than food consumption, is reported because the actual 

amount eaten could not be determined accurately. Body weight was measured every three days 

during food availability reduction and approximately once a month thereafter. Mean amount of
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food used (± SEM) under scheduled feeding was not different from that used under the preceding 

ad libitum food period (6.67 ± 0.27g and 6.82 ± 0.13g, respectively; t„;=0.66. not significant 

(NS)) in the same animals. Additionally, animals in the scheduled feeding experiment did not 

differ in body weight compared to ad libitum fed animals (data not shown).

2.2.3 mPER2 Immunocytochemistry

Entrained mice were sacrificed at zeitgeber time (ZT) 12 (defined as the start of food 

availability), ZT16, ZT20, ZT24, ZT4, and ZT8 after stable entrainment to scheduled feeding had 

been established for at least 2 weeks. Mice indicating progression towards stable entrainment 

with a free-running period of the LEA component exceeding 24 h were sacrificed at CT12 

(defined as time of onset of activity of the LEA component), CT16, CT20, CT24, CT4, and CT8, 

once. Non-entrained mice were sacrificed at the same time points after the LEA component had 

run through the period of food availability at least twice and when LEA was clearly separated 

from FAA. Mice fed ad libitum were sacrificed at CT12 and CT24 after 2 weeks in DD. FAA 

obscured LEA and is controlled by a SCN independent clock (23) and, therefore, cannot be used 

as a phase reference point for mice entrained to scheduled feeding. In entrained mice, we 

assumed that the start of SCN-controlled activity, i.e., LEA, occurred at the time of onset of food 

availability (ZT12). This allowed us to directly compare the phase of the SCN in entrained and 

non-entrained animals (see Figures 2 and 3), because onset of activity in non-entrained mice 

(CT12) is equivalent to ZT12. Briefly, the mice were deeply anesthetized with sodium 

pentobarbital (Euthasol, Delmarva Laboratories, Inc., Midlothian, VA) and transcardially 

perfused with saline for 2 min, and then with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, 

MO) in 0.1-M phosphate buffer for 8 min. Brains were post-fixed overnight in 4% 

paraformaldehyde in 0.1 M phosphate buffer and cryoprotected with 30% sucrose in phosphate
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buffered saline prior to sectioning. Brains were cut in 20 (im sections on a Reichert-Jung cryostat 

(Leica Microsystems, Inc., Bannockburn, IL) and collected in three evenly spaced sets. Sections 

were stored in cryoprotectant solution at -20°C until processed for mPER2 protein 

immunocytochemistry. Sections stained for mPER2 protein represent every third section 

throughout the SCN.

mPER2 immunocytochemistry procedures followed standard techniques (4) using affinity 

purified rabbit anti-mouse PER2 IgG (Alpha Diagnostic International, San Antonio, Texas; final 

concentration l|ig/ml), anti-rabbit IgG made in goat (Vector, Burlingame, CA; 1:200), avidin- 

biotinylated horseradish peroxidase (ABC Elite kit; Vector Laboratories), and a hydrogen 

peroxide activated 3, 3’-diaminobenzidine tetrahydrochloride (Sigma-Aldrich) staining 

procedure. Sections were mounted on electrostatically treated slides and coverslipped with 

Permount (Biomedia, Foster City, CA). mPER2 stained nuclei in the SCN were counted using an 

Axioplan 2 imaging microscope, digital AxioCam camera, and AxioVision 3.0.6. software (Carl 

Zeiss, Germany).

2.2.4 Statistics

Reported values are means ± SE. The two-tailed student t-test was used to test for 

significant differences between two means (amount of food used, mPER2 expression in the SCN 

under ad libitum feeding, free running period, activity level, duration of activity, and duration and 

level of FAA under 6 h of food availability in LD). A general linear model (GLM) procedure one

way analysis of variance (ANOVA, SAS Institute Inc., Cary, NC) was performed to test for effect 

of ZT or CT on mPER2 expression in the SCN for pre-entrained, entrained, and non-entrained 

mice. A GLM procedure two-way ANOVA was performed to test for effects of mouse line (Line
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1, 2, 3, and 4), entrainment phenotype (entrained and non-entrained), and mouse line by 

entrainment phenotype interaction on the free-running period in DD with ad libitum food.

2.3 Results

2.3.1 Behavioral entrainment to scheduled feeding

Mice used in this study came from lines with distinct circadian phenotypes (2, 3, 4). All 

individuals showed robust wheel running FAA and LEA (Figure 1) in both LD and DD 

conditions under scheduled feeding. Under 6 hours of food availability in a 12:12 light-dark 

cycle, mice that entrained to scheduled feeding in DD did not differ in activity level (number of 

wheel revolutions per day: 8,005 ±438 (n=65), and 8,240 ± 409 (n=41), respectively, t104=0.116, 

NS) or duration of activity (hours per day from time of onset of FAA to time of offset of the LEA 

component: 13.93 ± 0.27 (n=65) and 13.90 ± 0.40 (n=41), respectively, ti04=0.056, NS) from 

mice that did not entrain to scheduled feeding in DD. These mice also did not differ in the 

duration (hours per day from time of onset of food-anticipatory activity to time of start of food 

availability: 1.43 ± 0.09 (n=65) and 1.20 ± 0.15 (n=41), respectively, tio4= l -323, NS) and level 

(percentage of total daily number of wheel revolutions per day: 23.2 ± 0.8 (n=65) and 20.6 ± 1.0 

(n=41), respectively, tio4=1.979, NS) of FAA. These results represent averages of the last 4 days 

in the light-dark cycle before animals started the constant dark portion of the scheduled feeding 

paradigm.

The LEA component began free running from the time of lights off in all animals as soon 

as they were placed in DD (Figure 2.1). These findings are consistent with other studies that 

showed that the SCN remain entrained to the LD cycle in animals under scheduled feeding (8). 

Two behavioral responses, entrained and non-entrained, were identified under scheduled feeding 

in DD. The LEA component of entrained mice initially free-ran through the period of food
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availability; but soon after emerging from the FAA component, the period of the LEA component 

began to lengthen. All animals in which the free-running period of LEA under scheduled feeding 

exceeded 24 h entrained to scheduled feeding. This pattern occurred by gradual consolidation of 

LEA with FAA until a stable phase relationship relative to the onset of food availability was 

established (Figure 2.1a-c), which remained stable for the duration of the experiment (up to 15 

weeks). Therefore, the period of LEA did not simply lengthen until it reached 24 h and then 

remain in relative coordination at a new phase relationship relative to the period of food 

availability, but continued to lengthen until stable entrainment occurred around the onset of food 

availability. This phenomenon had not been reported previously. On average, stable entrainment 

to scheduled feeding was established 84.9 ±3.5 (n=20) days after the start of constant dark.

In non-entrained animals, both wheel-running activity components persisted throughout 

DD. FAA remained entrained to onset of food availability while LEA free-ran through the period 

of food availability with a period of less than 24 h (Figure 2 .Id). These activity patterns were 

similar to other studies, which found that scheduled feeding was insufficient to entrain the LEA 

component (23).

Although the overall percentage of behaviorally entrained mice was similar to a previous 

report (1), the four lines of mice used in this study were quite different. Line 2 showed 100% 

entrainment (49 of 49), while in Line 3 only 4 % (1 of 24) of the mice entrained. Lines 1 and 4 

showed intermediate levels of entrainment, with 57% (8 of 14) and 39% (7 of 18), respectively.

2.3.2 SCN phase and mPER2 expression under scheduled feeding

The mouse Period genes (mPer 1, 2 and 3) are modulatory components of the molecular 

circadian clock mechanism (26, 27). The circadian profile of mPER2 protein expression in the 

SCN peaks at circadian time (CT) 12, or the start of activity, and reaches a trough at CT24 in DD
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(27). Therefore, the phase of the SCN was assessed relative to the LEA component (mice that did 

not entrain and mice progressing toward entrainment) or the onset of food availability (entrained 

mice) by examining mPER2 protein expression in the SCN.

mPER2 stained nuclei from the right and left SCN of the three most medial sections 

containing the SCN from each animal were counted and the mean number of mPER2-positive 

nuclei per section determined. In all groups, mPER2 protein levels were highest at CT12/CT16 

and ZT12/ZT16 and lowest at CT4/CT24 and ZT4/ZT24 (Figures 2.2 and 2.3; F5,9=33.58, 

pO.OOOl; F5?25=15.45, pO.OOOl; F5fi6=25.48, pO.OOOl; t5.4=7.87, p<0.0005 for the pre

entrained, entrained, non-entrained, and ad libitum fed mice, respectively). These mPER2 

protein expression patterns in the SCN agree with those previously reported in ad libitum fed 

mice (27). Therefore, our data clearly indicate that the SCN of entrained mice were in phase with 

the LEA component as it progressed toward stable entrainment and with the period of food 

availability once stable entrainment was established. The SCN of non-entrained mice was also in 

phase with the free-running LEA.

2.3.3 Free-running period and entrainment to scheduled feeding

A subset of animals, tested in DD with ad libitum food and then re-entrained to a 12:12 

LD cycle prior to scheduled feeding, was used to determine if free-running period influenced the 

likelihood of entrainment. We found no difference (Fi?36=1.01, NS) in free-running period in DD 

with ad libitum food between animals that entrained (23.62 ± 0.05 h, n=22) and those that did not 

(23.42 ± 0.04 h, n=21). The mouse lines were different (F336=9.06, p<0.000), but the line 

difference had no effect on free-running period within entrainment phenotype because the mouse 

line by entrainment phenotype interaction effect was not significant (F2,36=0.49).
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2.4 Discussion

Our data show that scheduled feeding without caloric restriction was able to entrain the 

SCN, which is in contrast to previous studies (10). One prevailing explanation for entrainment of 

the free-running LEA component to scheduled feeding or interaction between the two 

components has been related to the free-running period of the LEA component and the period of 

the food-availability schedule. The closer these are, the more often entrainment occurs (19, 23, 

29, 30). Entrainment in rats and mice only occurred when the periods differed by 5 minutes or 

less; however, not all animals with periods differing by 5 minutes or less entrained (19, 31). Our 

data do not support the hypothesis that the free-running period of the LEA component is a major 

determinant of entrainment. One possible explanation for the discrepancy between our findings 

and those of others (19, 31) is that previous studies may not have been of sufficient duration to 

observe entrainment in animals with free running periods significantly different from the period 

of food availability. As a consequence, some animals classified as non-entrained may have 

entrained given ample time. Our mice took on average almost 12 weeks from the time they were 

put in constant dark to the time of stable entrainment to scheduled feeding, while previous studies 

were only 1-9 weeks in duration (19, 31).

In this study, the time course for entrainment by scheduled feeding was much longer than 

that reported for photic entrainment (34). However, the time course was similar to the gradual 

process by which mice entrain to daily schedules of voluntary or forced running (13, 18). Long 

entrainment times and small daily changes in the period of the LEA are consistent with scheduled 

feeding being a weaker zeitgeber than light, as predicted by the finding that restricted feeding 

under a LD cycle did not alter entrainment of the SCN (8, 10, 12).

The line differences in likelihood of entrainment, i.e., 100% in line 2 versus 4% in line 3, 

and the distinctive entrainment process in our mice provide the opportunity to search for
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mechanisms and pathways involved in entrainment of the SCN by scheduled feeding. Signals 

used by the SCN for entrainment to scheduled feeding could include food-anticipatory wheel- 

running activity or arousal (14, 16, 18), indirect signals from digestive and metabolic products 

(11, 32), hormonal signals (32), traditional non-photic pathways, i.e., neuropeptide Y and 

serotonin (20, 24), indirect or direct neuronal connections from the feeding regulatory system (15, 

21), and/or indirect or direct neuronal connections from the food-entrainable clock (32). 

Alternatively, these or other signals, such as non-specific arousal due to food pellet manipulations 

and/or daily bedding changes, might be entrainment signals for the SCN without requiring 

scheduled feeding per se. Regardless of which interpretation ultimately proves to be correct, the 

line-specific differences in entrainment to the scheduled-feeding paradigm provide a powerful 

model system to study the signals and pathways involved in non-photic entrainment of behavior 

and the SCN.

Mice from lines 1 and 2 are very similar in other characteristics, such as robust circadian 

organization of wheel running activity rhythms, small light-induced phase-shifting responses, and 

low nest-building levels. In contrast, mice from lines 3 and 4 have sloppy circadian organization, 

reveal large light-induced phase shifts, and build big nests (2, 4, 5, 6, 34). However, these lines 

are not consistent in their response to the scheduled feeding paradigm and, therefore, these 

characteristics probably do not play a major role in entrainment to scheduled feeding.

Our results demonstrate the ability of non-photic cues to entrain the SCN in the absence 

of photic stimuli. These results suggest the potential usefulness of non-photic cues in the 

treatment of circadian rhythm disorders. For example, strictly regimented meal times could help 

to entrain the vision-impaired and ameliorate the circadian disturbances associated with jet-lag 

and shift-work.
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Figure 2.1. Representative double-plotted wheel-running actograms of mice in the scheduled 
feeding paradigm. Mice stably entrained to scheduled feeding (a-c) and a non-entrained mouse 
(d). Two weeks of a 12:12 light-dark cycle followed by constant dark (DD), and 170-day, 112- 
day, 118-day, and 201-day records, respectively. Shaded box indicates period of food 
availability. Arrowheads indicate light-entrainable activity component. Arrows identify food 
anticipatory activity.
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Figure 2.2. Representative digital images of mPER2 immunopositive nuclei in the medial 
SCN. Mouse brain collected at circadian time (CT) 12 (a), i.e., onset of light-entrainable activity 
component in constant dark, while progressing toward entrainment. Schematic depiction of brain 
collection times (b); only light-entrainable and food-anticipatory activity components are shown 
for clarity and the shaded box indicates the period of food availability. Mouse brain collected at 
CT24 (c) while progressing toward entrainment. Mouse brain collected at zeitgeber time (ZT) 12 
(d), i.e., start time of food availability in constant dark, while stably entrained to scheduled 
feeding. Mouse brain collected at ZT24 (e) while stably entrained. Scale bar, lOOpm.
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Figure 2.3. Mean (±SEM) number of mPER2 immunopositive nuclei in the medial SCN 
across the 24-h cycle. Mice that were stably entrained to scheduled feeding (filled squares), 
progressing toward stable entrainment (open circles), non-entrained (open triangles), and fed ad 
libitum (closed triangles) in constant dark. Times represent zeitgeber time for stably entrained 
mice and circadian time for mice progressing towards stable entrainment, non-entrained, and fed 
ad libitum. Number of animals used for stably entrained mice: ZT4: n=5; ZT8: n=5; ZT12: n=6; 
ZT16: n=5; ZT20: n=5; ZT24: n=5, mice progressing toward entrainment: CT4: n=3; CT8: n=l; 
CT12: n=4; CT16: n=2; CT20: n=2; CT24: n=3, non-entrained mice: CT4: n=3; CT8: n=3; CT12: 
n=5; CT16: n=4; CT20: n=4; CT24: n=3, mice fed ad libitum: CT12: n=6; CT24: n=6. Note: ZT 
and CT times are assumed to be equivalent (see Methods section).
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Chapter Three

Characteristics of the circadian activity rhythm are unrelated to the likelihood of 

entrainment to scheduled feeding in Mice (Mus musculus)2

3.0 Abstract

Four mouse lines, previously shown to differ in the percentage of animals that showed 

entrainment of both their wheel-running behavior and the circadian clock in the suprachiasmatic 

nuclei (SCN) to scheduled normocaloric feeding in constant darkness (DD), were studied to 

determine if characteristics of the circadian rhythm in wheel-running behavior differed between 

response phenotypes. Circadian rhythm characteristics were assessed under ad libitum feeding in 

a 12:12-h light-dark (LD) cycle, constant darkness (DD), or both, prior to the start of scheduled 

feeding. The mouse lines differed in free running period, amplitude of the chi-squared 

periodogram, number of activity bouts per circadian day, activity level, precision of activity 

onset, and duration of daily activity in DD. When tested in a LD cycle, amplitude of the chi- 

squared periodogram, activity bouts per day, and duration of activity differed among the lines. 

The mouse lines differed in percentage of entrained animals (50, 100, 13.8, and 46.7% in Lines 1- 

4 respectively), but we found no relationship between response phenotype and any measured 

circadian parameter. These findings suggest that the primary mechanism driving entrainment of 

the circadian clock to scheduled feeding lies outside the SCN.

Keywords', scheduled feeding, circadian rhythms, entrainment, free-running period

2Hochstetler KJ and Bult-Ito A. Characteristics of the circadian activity rhythm are unrelated to 
the likelihood of entrainment to scheduled feeding in Mice (Mus musculus). Prepared for 
submission to Am J  Physiol Regul Integr Comp Physiol.
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3.1 Introduction

The mammalian master circadian (near 24 h) clock is located in the 

suprachiasmatic nuclei (SCN) of the anterior hypothalamus (reviewed in (29, 37)). The 

core mechanism of circadian clocks consists of interconnected molecular feedback loops 

that cycle with a circadian period in the absence of external stimuli (reviewed in (11, 

19)). A key characteristic of circadian clocks is their ability to entrain to periodic 

environmental stimuli. Light, the strongest natural timing signal, affects the period of the 

clock through phase shifts ultimately resulting in entrainment (15, 16, 30). Several 

studies have reported entrainment of circadian behavioral rhythms by non-photic signals 

(17, 20, 27,28).

Scheduled food availability is one of several non-photic signals that have been 

shown to entrain behavioral rhythms (10, 17, 21). When animals are forced to eat during 

their normal rest phase, two behavioral rhythms become apparent, one is the animal’s 

normal SCN-dependent light-entrainable activity (LEA) and the second is entrained to, 

and in anticipation of, the onset of food availability, i.e., food anticipatory activity 

(FAA), which is controlled by a food entrainable oscillator (FEO) (14, 25, 35). A 

restricted feeding schedule has also been shown to restore circadian rhythmicity in 

hamsters (24) and rats (18) made arrhythmic by prolonged exposure to constant light 

(LL). However, these results should be interpreted cautiously as an earlier study (26) 

reported that rats made arrhythmic in LL expressed FAA in response to a restricted 

feeding schedule, but that activity failed to free-run when ad libitum feeding was



resumed, suggesting that the FEO was not capable o f restoring the endogenous circadian 

rhythmicity o f the SCN.

SCN ablation studies have shown that the FEO is an SCN-independent clock (21, 

23, 36), but its location and mechanism remain unknown. When a feeding schedule is 

initiated under an LD cycle and continued during subsequent release into DD, the LEA 

component may become entrained by scheduled feeding (11). The likelihood o f this type 

o f entrainment is species specific; entrainment is typical in hamsters (24), moderately 

likely in mice (10, 17, 21) and atypical in rats (32, 33). Entrainment in mice has been 

correlated with both closeness o f the free running rhythm to 24 h (21) and the caloric 

nature o f the feeding schedule (hypocaloric or normocaloric) (12). Closeness o f the 

anim al’s free running period to 24 h has also been correlated with entrainment in 

hamsters (24).

The first study examining the effect o f restricted feeding on SCN clock gene 

expression found that that the SCN did not entrain to the feeding schedule in a LD cycle 

or after several days in constant dark (DD), but did not look for longer term effects (13). 

Work conducted in our laboratory was the first to show entrainment o f both the molecular 

clock in the SCN and behavioral activity rhythms in mice to normocaloric feeding 

schedules. The temporal profile o f entrainment was similar to that seen in animals 

entrained to light, with peak levels o f PER2 protein expression occurring at the time o f 

food provisioning (10). Caldelas et al. (8) found that the wheel-running activity and 

SCN clock gene expression rhythms o f rats could be entrained by normocaloric and 

hypocaloric scheduled feeding in DD. However, they observed significant differences in



the temporal profile o f activity relative to peak P erl and Per2 expression. Rats entrained 

to scheduled normocaloric feeding showed temporal profiles similar to those seen in 

animals entrained to light or melatonin infusion with activity occurring during the trough 

o f P erl and Per2 expression. In contrast, rats entrained to scheduled hypocaloric feeding 

showed high levels o f activity during the peaks in P erl and Per2 expression (8). In rats 

daily restricted feeding has also been shown to restore both rhythmic wheel running and 

PER2 protein expression in the SCN that were previously arrhythmic in constant light 

with ad  libitum  food (18).

An interesting facet o f  our earlier work (10) on entrainment to scheduled 

normocaloric feeding in mice is that the percentage entrainment was not consistent across 

the four lines o f  mice used, with 57, 100, 4, and 39% o f animals tested entraining in lines 

1-4 respectively. These differences are especially interesting because the lines used 

represent independently maintained replicate lines selected for differences in nest- 

building behavior (2 each o f  small and big nest builders). The nest-building types also 

differ markedly in several circadian parameters, including robustness o f both the 

locomotor activity rhythm (3, 9) and the circadian rhythm in body temperature (9), 

behavioral phase shifting in response to a light pulse (1, 38), and expression o f some 

clock gene mRNAs and proteins in the SCN (1, 3, 7, 10, 38) suggesting the existence o f a 

common factor or genetic link between the system controlling nest-building behavior and 

SCN function. However, these earlier studies focused on differences between the nest- 

building types and did not address differences between replicate lines within each nest- 

building type. The intent o f the current study was to look for line-specific differences in



parameters o f the circadian rhythm in wheel-running behavior and to determine if  these 

traits are correlated with the previously reported differences in entrainment to scheduled 

normocaloric feeding in these mouse lines (10).

3.2 Materials and Methods

3.2.1 Animals

Male mice (Mus musculus) at least 50 days old at the start o f the experiments 

were taken from four lines that had been bidirectionally selected for thermoregulatory 

nest-building behavior, which resulted in two independently maintained replicate lines 

each o f  small and big nest builders [line 1 (small 1), line 2 (small 2), line 3 (big 1), and 

line 4 (big 2) (2, 6, 7)]. This study used a total o f 131 mice: 23 from line 1, 49 from line 

2, 29 from line 3, and 30 from line 4. This study uses the data from previously studied 

animals (10) as well as data from additional animals tested subsequently (9 from Line 1, 

5 from Line 3 and 12 from Line 4). All animal care and experimental procedures were 

approved by the University o f Alaska Fairbanks Institutional Animal Care and Use 

Committee (assurance numbers 00-06, 02-54 and 05-06).

3.2.2 Standard scheduled feeding  procedure

Mice were individually housed in polycarbonate cages (21 x 37 x 14 cm) fitted 

with 24.2-cm diameter running wheels (Nalgene, Rochester, NY) on wood shavings. 

Food (Purina Mills, Lab Diet Mouse Diet #5015, St. Louis, MO) was available ad libitum  

until the start o f scheduled feeding. Access to water was unrestricted throughout the



experiments. W heel-running data was collected in 5-min bins using the VitalView data 

collection system (M iniMitter Co., Bend, OR) following standard protocols (1, 10, 38). 

Activity data were analyzed with Actiview (MiniMitter), ClockLab (Actimetrics, 

Evanston, IL) and MatLab (The MathW orks, Natick, MA) software packages.

Animals were initially held in a 12:12-h light/dark (LD) cycle on ad libitum  food 

until they exhibited stable patterns o f  wheel-running activity. Once stable, animals were 

transferred to DD for approximately 2.5 to 4 weeks to allow assessment o f the 

characteristics o f the circadian rhythm in wheel-running activity. Animals were then 

returned to a 12:12-h LD cycle and allowed to re-entrain prior to initiation o f  scheduled 

feeding.

The standard scheduled feeding procedure as described in (10) was initiated once 

the mice had resumed stable entrainment. Briefly, animals were gradually acclimated to 

scheduled feeding by decreasing the duration o f food availability by one hour every three 

to seven days, beginning by taking food away two hours after lights off and returning 

food fourteen hours later (four hours after lights on) in LD. The duration o f  food 

availability was reduced until it was available for six hours, from four hours after lights 

on until two hours before lights off. Animals were maintained in LD for one to two 

weeks on six hours o f food availability, after which the lights were turned off; animals 

remained in constant darkness on the same feeding schedule for the remainder of the 

experiment.
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3.2.3 Behavioral assessment

Circadian rhythms were described by a variety of measures. All behavioral 

measures used to describe circadian phenotype were determined using ten days of 

continuous data. Depending on the trial, behavioral measures were determined in DD 

with ad libitum food, LD with ad libitum food, or both.

Onset of activity was considered to be the first occurrence during a day when wheel 

revolutions exceeded 15% of the maximum recorded in a single bin that day for ten minutes or 

more (> 2 bins). The same definition was used to determine bouts of activity per day, except that 

individual bouts were also separated from adjacent bouts by periods of inactivity (revolutions not 

exceeding the 15% level) for at least twenty minutes. Offset of activity was the last bin of the last 

bout which contained revolutions exceeding the 15% level. Duration of activity was the mean 

time between onset and offset of activity. We also determined the activity level, which we 

defined as the mean number of wheel revolutions per 24 h day (LD) or per circadian day (DD).

We used ClockLab (Actimetrics) to determine free-running period by placing the best-fit 

line through 10 consecutive activity onsets. The mean error associated with this line provided a 

measure of onset precision. ClockLab was also used to calculate the chi-squared periodogram; 

the amplitude of the resulting waveform was used as an indication of the relative strength of the 

activity rhythm (higher value = stronger rhythm). ClockLab chi-squared periodogram analysis 

also provides a mathematical determination of free-running period.

Actiview (MiniMitter) was used to determine mean number of wheel revolutions per day 

(mean revolutions per bin multiplied by the number of bins per day). The mean number of 

activity bouts per day was determined by counting the number of bouts each day and averaging 

across the ten-day interval.
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3.2.4 Statistics

A significance level of P=0.05 was used throughout. Reported values are means ± 

standard error (SE). Differences between lines within nest-building types in response to 

scheduled feeding in constant darkness were evaluated using the Chi-square Test. A Yates’ 

correction was used if the expected value for any cell was less than five.

We tested for effects of mouse line (lines 1, 2, 3 and 4), response phenotype (entrained or 

not entrained) and line by response phenotype interaction on each circadian parameter (free 

running period, amplitude of the chi-squared periodogram, activity bouts per day, wheel 

revolutions per day, duration of activity and onset precision) using the General Linear Model 

(GLM) procedure (SAS Institute, Inc., Cary, NC) for analysis of variance. When a significant 

line effect was found, a Duncan’s Multiple Range Test was used to test for specific differences 

between specific lines.

3.3 Results

3.3.1 Behavioral entrainment to scheduledfeeding

Mice showed one of three responses to our standard scheduled feeding procedure; they 

either entrained (Figure 1A), did not entrain (Figure IB), or entrained after the onset of the LEA 

component had passed the time of food provision at least twice (Figure 1C). Four mice, all from 

Line 1, showed the third type of response. Although this behavior was interesting, it was atypical 

and therefore we were unable to assign these animals to either the entrained or non-entrained 

groups, and they were not included in the subsequent statistical analyses.

Small nest-builders (n=69) were more likely to entrain (85.5%) to scheduled feeding than 

big nest-builders (n=59) (30.5%). However, percentage entrainment also varied between lines 

within nest-building types. Within the small nest-builders, mice from Line 1 (n=20) were less



likely (Yates’ corrected X2=24.8; 1 d.f.; p < 0.0001) to entrain than mice from Line 2 (n=49), 

showing 50% and 100% entrainment respectively. Similarly, within the big nest-builders, 

individuals from Line 4 (n=30) were more likely to entrain than those from Line 3 (n=29), with 

entrainment percentages of 46.7% for Line 4 and 13.8% for Line 3 (X2=7.5; 1 d.f.; p = 0.0061). 

The significant differences found between lines within each nest-building type indicated that the 

four lines differed with respect to their likelihood to entrain to scheduled feeding. Evaluation of 

this hypothesis using a Chi-Square Test showed that the four lines differed (X2=61.6; 3 d.f.; p <

0.0001) in their response to this scheduled feeding. Therefore, the lines were treated as 

independent (nest-building type was not included in the model) in all subsequent analyses.

3.3.2 Circadian behavioral characteristics under ad libitum feeding in DD

Results of the statistical analysis of circadian parameters in constant darkness are 

summarized in Table 3.1 (top). We found that lines differed in free running period (based both 

on the chi-squared periodogram analysis and the onset of activity), amplitude of the chi-squared 

periodogram, number of activity bouts per circadian day, activity level, onset precision, and 

duration of daily activity in constant darkness with ad libitum feeding. Mean values (±standard 

error) are reported by line for each circadian parameter in Table 3.2 (top).

3.3.3 Circadian behavioral characteristics under ad libitum feeding in a 12:12-h LD cycle

Results of the statistical analysis of circadian parameters in a 12:12-h LD cycle are 

summarized in the Table 3.1 (bottom). Similar to the our findings under ad libitum feeding in 

DD, the amplitude of the chi-squared periodogram, activity bouts per day, and duration of activity 

differed between the mouse lines. However, lines did not differ in total activity or onset precision
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when provided with ad libitum feeding in a 12:12-h LD cycle. Mean values (^standard error) are 

reported by line for each circadian parameter in Table 2 (bottom).

3.3.4 Circadian behavioral characteristics and entrainment to scheduledfeeding

Response phenotypes (entrained and non-entrained) did not differ in any circadian 

parameter (Table 3.1), and no significant interaction effects were found (not shown).

3.4 Discussion

Previous studies have suggested that entrainment to scheduled feeding is more likely in 

animals with free-running periods very close to 24 h (21, 24) or when the period of the feeding 

schedule is very close to the animal’s free-running period (33, 34). Previously, we reported (10) 

that differences in free-running period between these mouse lines do not appear to explain the 

observed differences in entrainment because it did not differ between response phenotypes. 

However, a weakness of that analysis was that it did not take into account potential differences in 

free-running period between the lines. Our previous results may have been further confounded 

by the unequal representation of each line in the study and by line-specific differences in 

response. Together, these factors led to an unequal representation of the lines within each 

response phenotype with Line 2 providing the majority of entrained individuals, 49 of 65, and 

Line 3 providing the majority of the individuals that did not entrain, 23 of the 40. In addition, no 

Line 2 individuals were included in the group that did not entrain and only one Line 3 individual 

entrained. In the current study, these lines differed in free-running period; however, we found 

neither a response effect nor a response by line interaction effect. This finding supports our 

previous conclusion that there is no relationship between free-running period, within the range of 

free-running periods observed in this study, and the ability to entrain to scheduled feeding in DD.
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The results were the same for both methods of determining free-running period, based on the chi- 

squared periodogram waveform and based on activity onset.

Previous studies using these mouse lines have reported differences between the replicate 

lines within nest-building types in nest-building behavior (5, 31), fitness, and offspring quality 

(5), but this is the first study to show differences between the replicate lines in circadian 

parameters. We found that the small nest-building lines, 1 and 2, differed in free-running period 

and the big nest-building lines, 3 and 4, differed in onset precision. Although we did not test for 

nest-building type effects, because they were unrelated to the response to scheduled feeding in 

DD, the results of the Duncan’s Multiple Range Test suggest nest-building type effects on many 

of the measured circadian parameters under ad libitum feeding in both DD and LD. This is 

consistent with earlier studies that reported differences between the nest-building types in phase 

delay in response to a light pulse, free-running period, number of bouts of activity per day, 

amplitude of the chi-squared periodogram, total activity, and duration of daily activity under ad 

libitum feeding (1, 3, 6, 10, 38). These correlations suggest a potential linkage between genes 

coding for nest-building and SCN functions, but such a linkage has not been demonstrated.

As we reported previously (10) and reiterate in this study, these mouse lines differ in 

percentage of animals that entrained to scheduled food availability in DD, with small nest- 

builders (lines 1 and 2) being more likely to entrain than big nest-builders (lines 3 and 4). 

However, the significant difference in response phenotype between the replicate lines within each 

nest-building type indicates that any genetic correlation between nest-building and entrainment to 

scheduled feeding is at best weak. Since nest-building (4, 5) and presumably entrainment to 

scheduled feeding are complex behaviors controlled by many genes, this weak correlation may 

have resulted from selection for alternative alleles of genes involved in regulating both behaviors 

in Line 2 (a small nest-building line) and Line 3 (a big nest-building line). Alternatively, the
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similarity in percent entrainment for Line 1 (a small nest-building line) and Line 4 (a big nest- 

building line) indicates that a genetic correlation is unlikely and that differences between the lines 

may be due to random genetic drift and founder effects.

The main conclusion of this study is that the ability to entrain the daily rhythm in wheel- 

running activity and the circadian clock in the SCN to scheduled food availability in DD is 

unrelated to any of the circadian rhythm characteristics measured under ad libitum feeding in LD 

and DD. However, it is important to note that this is only true within the ranges of the parameters 

expressed by the mice used in this study. One explanation for the observed differences in 

entrainment is that the primary mechanism driving entrainment to scheduled feeding lies outside 

the SCN. This hypothesis would predict that the strength of the entrainment signal is stronger in 

animals that entrain than in those that do not. Alternatively, differences in the sensitivity of the 

SCN to the entrainment signal may explain the differences between these mouse lines in 

entrainment to scheduled feeding in DD. The possibility also exists that the observed differences 

in entrainment could be due to the combined effect of both factors.

Although suggesting that the FEO is the source of the entrainment signal is tempting, 

involvement of other brain or peripheral systems cannot be ruled out. Mendoza et al. (22) found 

changes in the time of peak expression for both c-Fos and Period 1 in the paraventricular 

thalamus (PVT) associated with entrainment of the SCN and activity in ad libitum fed rats given 

a daily palatable meal, but not in control animals that received only a brief disturbance. They 

(22) suggested that the PVT is providing information related to arousal, motivation, and reward 

processes to the SCN and that this pathway may provide the signal for entrainment of the 

circadian pacemaker. Subsequently, Landry et a l (in press) found that the PVT is not necessary 

for the expression of FAA in rats, despite its apparent role in entrainment to scheduled feeding, 

and therefore does not support a role for the PVT as an input component, oscillator, or output
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component of the FEO. Whether or not these findings are also true for mice remains to be 

determined.

Provision of a daily palatable meal to animals receiving ad libitum access to food may 

activate a different entrainment pathway than restricted feeding or scheduled food availability. 

This seems to be supported by the fact that mice entrained to scheduled feeding (10) organize 

their activity such that activity onset occurs near the time of food provision while rats entrained to 

a palatable meal (22) organize their activity with the palatable meal occurring near the end of 

daily activity.

We believe that the differences in response to scheduled feeding in DD exhibited by these 

mouse lines provide us with an excellent system in which to study entrainment to scheduled 

feeding. By studying these lines we hope to gain insights into the physiology (e.g., hormones 

involved in feeding homeostasis) and neural signals (e.g., from the digestive system, components 

of the FEO or other system) that contribute to the ability to entrain to this non-photic stimulus.
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Figure 3.1. Representative double-plotted actograms of wheel-running activity from Line 1 mice 
that entrained (A), did not entrain (B), or entrained after one full cycle (C). The period of food 
availability (dark gray) and the duration of constant darkness (light gray) are shown in the left 
panel of each double plotted actogram.
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Table 3.2. Circadian rhythm characteristics for four lines of laboratory mice housed under ad 
libitum feeding conditions in constant darkness and in a 12h Light: 12 h Dark cycle.

Constant Dark Line 1 Line 2 Line 3 Line 4
Free Running Period (X2) 23.33 ± 0.07 c 23.79 ± 0.06 A 23.45 ± 0.04 B,c 23.52 ± 0.03 B

(n=15) (n=9) (n=9) (n=20)
Amplitude (X2) 1538.5 ± 66.4 A 1482.5 ± 100.6 A 977.0 ± 100.7 B 1080.8 ±81.7B

(n=15) (n=9) (n=9) (n=20)
Activity Bouts per 3.5 ± 0.23 B 3.7 ± 0.27 B 6.3 ± 0.97 A 5.6 ± 0.32 A
Circadian Day (n=15) (n=9) (n=9) (n=20)
Total Activity 12006± 1321A 8704 ± 820 A’B 7426 ± 1285 B 8050±1040B

(n=15) (n=9) (n=9) (n=20)
Free Running Period 23.30 ± 0.08 c 23.74 ± 0.06 A 23.48 ± 0.08 B C 23.52 ± 0.04 B
(Onset) (n=15) (n=9) (n=8) (n=19)
Onset Precision 0.43 ± 0.10B,C 0.27 ± 0.04 c 1.00 ± 0.12 A 0.60 ± 0.09 B

(n=15) (n=9) (n=8) (n=19)
Duration of Activity 11.32 ± 0.30b 11.39 ± 0.51B 13.70 ± 0.71A 13.66 ± 0.48 A

(n=15) (n=9) (n=8) (n=19)

12h L ig h t: 12 h Dark Line 1 Line 2 Line 3 Line 4
Amplitude (X2) 1851.6 ±80.9A 1710.3 ± 57.1 A 1432.6 ± 79.6 B 1479.4 ± 84.9 B

(n=17) (n=20) (n=l 1) (n=21)
Activity Bouts per Day 2.7 ± 0.23 B 3.4 ± 0.14 B 5.4 ± 0.28 A 5.3 ± 0.41A

(n=17) (n=20) (n=ll) (n=21)
Total Activity 10549 ± 1082A 8411± 504A 9656± 1060A 9338± 1035A

(n=17) (n=20) (n=l 1) (n=21)
Onset Precision 0.61 ±0.15 A’B 0.39 ± 0.06 B 0.81 ±0.18A 0.53 ± 0.10 A B

(n=17) (n=20) (n=10) (n=18)
Duration of Activity 10.97 ± 0.32 B 11.16 ± 0.31 B 13.95 ± 0.88 A 13.66 ± 0.44 A

(n=17) (n=20) (n=10) (ii=18)
Values reported are means ± standard errors. Values with different letters (A, B or C) are
different at the p—0.05 level using a Duncan’s Multiple Range Test for a given circadian rhythm 
characteristic.
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Chapter Four

Non-photic factors other than food availability influence entrainment to scheduled feeding

in mice {Mus musculusY

4.0 Abstract

This study was designed to assess the role that non-photic cues, other than those directly 

associated with feeding and the temporal availability of food, play in behavioral entrainment of 

mice to a normocaloric scheduled feeding. Mice from four selected lines previously shown to 

differ in circadian characteristics and percentage entrainment to scheduled feeding were used in 

these experiments. We tested the impact of changing the time of food availability (i.e., the effect 

of not temporally separating feeding from light-entrainable activity (LEA)), preventing wheel- 

running activity during one phase of the entrainment process, reducing the amount of disturbance, 

and the impact of disturbance without scheduled feeding on entrainment. Line 3 mice were more 

likely to entrain to scheduled feeding when feeding was not temporally separated from LEA 

(Fisher’s Exact Test, 1 d.f.; p<0.007). Blocking wheel access for two weeks as Line 2 mice were 

progressing toward entrainment had no effect on the pattern or timing of subsequent behavioral 

activity nor on the duration of time required to reach stable entrainment. Two Line 2 mice failed 

to entrain to reduced disturbance scheduled feeding although all entrained to the standard 

scheduled feeding procedure. Scheduled daily disturbance was sufficient to cause entrainment in 

some individuals in all lines; however, the percentages of entrained individuals were not 

significantly different from those found under the standard scheduled feeding procedure although

Hochstetler KJ and Bult-Ito A. Non-photic factors other than food availability influence 
entrainment to scheduled feeding in mice (Mus musculus). Prepared for submission to Am J  
Physiol Regul Integr Comp Physiol.
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a non-significant trend for reduced entrainment was found for Line 2 (Fisher’s Exact Test, 1 d.f.; 

p<0.06). In summary, these results indicate that our standard scheduled feeding procedure, and 

presumably others, provides a suite of non-photic signals that influence entrainment in these 

mouse lines.

Keywords: non-photic, entrainment, wheel-running, mice, timing cues, circadian

4.1 Introduction

Circadian (near 24 h) rhythms in behavior and physiological processes are expressed by a 

wide variety of organisms. Under natural conditions these rhythms remain entrained to the 

environment and occur at the same time each day. The daily light-dark (LD) cycle is typically the 

most reliable naturally occurring signal in an environment. Therefore, it is also the best predictor 

of future conditions, e.g., the time of sunset today is the best predictor of the time of sunset 

tomorrow. Most organisms adjust the timing of their behavioral and physiological rhythms so 

that they occur at the correct time each day relative to one of the transitions between light and 

dark (dawn or dusk). When placed in constant environmental conditions the free-running period 

of a circadian rhythm is revealed. The endogenous period and the ability to entrain to the LD 

cycle are properties of the master circadian clock, which in mammals is located in the 

suprachiasmatic nuclei (SCN) of the anterior hypothalamus (reviewed in (27, 42)).

The SCN contain a molecular clock mechanism (described in detail in (27, 42)) which 

naturally cycles with a period close to 24 h under constant conditions in vivo and in vitro. This 

molecular machinery drives and coordinates physiological and behavioral rhythms even in the 

absence of an environmental entrainment signal. Information about the light-dark cycle is 

received by the retina and relayed neuronally to the SCN. These neural signals can adjust the
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molecular clock through phase shifts so that it maintains a period of 24 h (16, 17, 43); for this 

reason the SCN is often categorized as a light-entrainable oscillator (LEO).

Although light is the primary natural entrainment signal, several non-photic signals have 

been shown to impact the SCN, behaviors, or both. Simple handling of the animals (31, 38), 

exposure to a novel running wheel (4, 37, 40), and timed injections of saline (31,48) can all cause 

phase shifts of behavioral rhythms. Scheduled daily activity in the form of forced treadmill 

running (28) or voluntary wheel-running (18, 28) also entrain behavioral rhythms. Behavioral 

rhythms can also be entrained by timed daily injections of melatonin (45), triazolam (50) or saline 

(48). Non-photic signals typically stimulate intense activity, and, when that activity is prevented, 

phase shifts or entrainment are also usually prevented (34, 35,51).

Scheduled feeding is another non-photic signal that is capable of entraining behavioral 

activity rhythms (2, 9-11, 29, 32, 36) and the molecular clock in the SCN (1, 10, 32). Scheduled 

food availability has a unique effect on daily activity rhythms. When animals are forced to eat 

during the rest phase of their daily activity cycle, two behavioral rhythms become apparent, one 

the animal’s normal SCN-dependent light-entrainable activity (LEA) and the second entrained to, 

and in anticipation of, the onset of food availability, i.e., food anticipatory activity (FAA). 

Research has shown that FAA is controlled by a food-entrainable oscillator (FEO) that is 

independent of the SCN (15, 33, 47), but the location of the FEO remains unknown. The specific 

input signals driving entrainment of the FEO also have not been identified.

When animals are fed during their normal inactive period in a LD cycle and are then 

placed in DD on the same feeding schedule, the LEA component free-runs from the time of lights 

on (diurnal animals) or lights off (nocturnal animals) while the FAA component remains 

entrained to the feeding schedule (5, 10, 14, 23-25). The same pattern is seen when scheduled 

feeding is initiated during the rest period under constant lighting conditions (11, 33, 46). The
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LEA component of animals maintained long-term on a feeding schedule in DD will either 

continue to free-run, with or without appreciable transient effects on free-running period, or will 

become entrained by the feeding schedule (1, 2, 10, 21-25).

Earlier work in our laboratory was the first to show that scheduled feeding in DD could 

entrain the circadian rhythm in mouse PERIOD2 (mPER2) protein expression in the SCN (10). 

We found peak mPER2 expression levels at zeitgeber time (ZT) 12 (defined as the start of food 

availability) and ZT16 in entrained animals and at circadian time (CT) 12 (defined as the start of 

LEA) and CT16 in animals with free-running LEA rhythms and in those progressing toward 

stable entrainment (10). Neither the source(s) nor the signal(s) responsible for entrainment of the 

molecular clock in the SCN and SCN-controlled behavioral and physiological processes have 

been identified.

Although we hypothesize that the FEO is involved in entrainment of mice to scheduled 

feeding, the possibility remains that some other non-photic signal produced as part of the standard 

scheduled feeding procedure is actually responsible. Based on findings from rats entrained to a 

scheduled daily palatable meal while receiving ad libitum access to a standard diet, Mendoza et 

al. (32) have suggested that behavioral arousal and reward processes relayed through the 

paraventricular thalamus (PVT) may provide the entrainment signal to the SCN. Landry et al. 

(26) found that the PVT was not necessary for the expression of FAA, but did not look at SCN 

entrainment. The importance of FAA expression to entrainment of rhythmic behavior and the 

SCN to scheduled feeding remains to be determined.

The standard scheduled feeding procedure used in our laboratory (described in (10, 21)) 

was designed to provide mice with a normal amount of nourishment each day. In previous work 

conducted in our laboratory using this feeding schedule we found that mice used the same amount 

of food and ran the same total distance each day as they did in the preceding period of ad libitum
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feeding and did not differ in body weight compared to ad libitum fed animals of the same age 

(10). This is an important design element since rats are known to respond differently to 

normocaloric and hypocaloric scheduled feeding. Rats express FAA under both conditions, but 

entrainment is more likely when they are undernourished, which implies that hypocaloric feeding 

provides a stronger entrainment signal than normocaloric feeding (summarized in (12)). Rats 

entrained to normocaloric feeding when the time of food provisioning coincided with the offset of 

daily activity (9). A similar pattern of activity was observed in rats entrained to a daily palatable 

meal (32) and mice entrained to forced daily treadmill running (28, 30) or scheduled voluntary 

wheel running (18). Caldelas et al. (9) found that the expression pattern of three clock genes 

(Periodl, Period2 and Bmall) and one clock-controlled gene (Vasopressin) in the SCN of rats 

entrained to hypocaloric scheduled feeding lagged approximately 14 hours behind those of 

animals entrained to light, melatonin or normocaloric scheduled feeding. Our previous finding, 

that mice entrained to scheduled feeding showed an expression profile of mPER2 expression 

similar to that seen in mice entrained to a LD cycle and fed ad libitum, supports our contention 

that this is a normocaloric scheduled feeding procedure.

We hypothesize that feeding schedules provide a complex set of non-photic signals which 

may act through a variety of pathways to impact the circadian clock in the SCN and influence 

entrainment. However, since the SCN is most sensitive to non-photic signals during the day (the 

inactive period for mice) the effect of such signals would most likely be synergistic. Possible 

non-photic signals include disturbance and associated behavioral arousal, changes in activity 

profile, probable stimulation of reward processes, signals related to the feeding schedule and food 

ingestion. Each experiment in this study was designed to alter one aspect of the standard 

scheduled feeding procedure to determine its impact on entrainment in these mouse lines. We 

assessed the impact of changing the time of food availability, i.e., effect of not separating LEA
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and FAA, preventing wheel-running activity during one phase of the entrainment process, 

reducing the amount of disturbance, and disturbance without scheduled feeding.

4.2 Materials and Methods

4.2.1 Animals

Male mice (Mus musculus) at least 50 days-old at the start of the experiments were taken 

from lines bidirectionally selected for thermoregulatory nest-building behavior, which resulted in 

two independently maintained replicate lines each of small and big nest builders [line 1 (small 1), 

line 2 (small 2), line 3 (big 1), and line 4 (big 2) (6-8)]. The percentages of mice that entrain to a 

scheduled feeding also differ among lines (10, 21). All animal care and experimental procedures 

were approved by the University of Alaska Fairbanks Institutional Animal Care and Use 

Committee (assurance numbers 00-06, 02-54 and 05-06).

Mice were individually housed in polycarbonate cages (21 x 37 x 14 cm) fitted with 24.2- 

cm diameter running wheels (Nalgene, Rochester, NY) on wood shavings. Food (Purina Mills, 

Lab Diet Mouse Diet #5015, St. Louis, MO) was available ad libitum until the start of scheduled 

feeding. Access to water was unrestricted throughout all experiments. Wheel-running data were 

collected in 5-min bins using the VitalView data collection system (MiniMitter Co., Bend, OR) 

following standard protocols (3, 10, 21, 52). Activity data were analyzed using Actiview 

(MiniMitter), and ClockLab (Actimetrics, Evanston, IL) software packages.

4.2.2 Standard scheduled feeding procedure

This scheduled feeding procedure has been previously described in Castillo et al. (10) 

and Hochstetler and Bult-Ito (21), but is briefly described here. In a 12:12-h light/dark (LD) 

cycle, food availability was reduced from ad libitum to 10 hours and then gradually restricted



from 10 hours (four hours after lights on until 2 hours after lights off) to 6 hours (four hours after 

lights on until 2 hours before lights off) of food availability in 1 hour increments every 3 or 7 

days depending on the trial. Mice were maintained on this feeding schedule for 1-2 weeks before 

being placed in constant darkness on the same feeding schedule for the remainder of the 

experiment. The results from mice tested using the standard scheduled feeding procedure have 

been reported previously (10, 21) and are summarized in the Results section only as a basis of 

comparison for each of the following experiments. Some cumulative results not previously 

reported are also included.

4.2.3 Reverse phase experiment

The purpose of this experiment was to test if dissociating the FAA and LEA components 

in the standard scheduled feeding procedure influenced the likelihood of entrainment. Mice from 

lines 2 (n=6) and 3 (n=6) were used in this experiment because they showed the largest difference 

in percentage entrainment under the standard procedure. This experiment was performed in the 

same manner as the standard procedure except that food was available for six hours (four hours 

after lights off until two hours before lights on) during the animals’ normal active period in the 

initial 12:12-h LD cycle.

4.2.4 Wheel blocking experiment

This experiment was designed to test if high levels of activity are necessary for 

entrainment of the LEA. Line 2 mice (n=12) were used in this experiment because they were the 

only line in which all individuals had the same response phenotype (entrained) when tested in the 

standard procedure. The timeline and procedures used in this experiment followed the standard 

procedure. The only difference was that the running wheels of five mice were locked in place for
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two weeks beginning at the time when LEA and FAA were maximally separated and the period 

of the LEA had lengthened to approximately 24 h. At the end of the two weeks and for the 

remainder of the study, wheel-running was unrestricted. The remaining individuals had 

unrestricted access a running wheel throughout the experiment.

4.2.5 Disturbance experiment

This experiment was designed to determine if scheduled daily disturbance, without 

limiting access to food, would result in percentages of entrainment equal to those seen under the 

standard procedure. Forty-eight mice were tested: Line 1 (n=6), Line 2 (n=18), Line 3 (n=18) 

and Line 4 (n=6). Food was rattled in the hopper to simulate the disturbance associated with 

provisioning of food under the standard procedure. The second daily disturbance was identical to 

that experienced by mice in the standard procedure, except food was not removed. As in the 

standard procedure, the time between disturbances was gradually reduced from ten to six hours in 

one hour increments every three to seven days. Animals were maintained on the six hour 

schedule in LD for one to two weeks before DD was initiated.

4.2.6 Reduced disturbance scheduledfeeding experiment

Line 2 mice (n=24) were used in this experiment because they were the only line in 

which all individuals had the same response phenotype (entrained) when tested in the standard 

procedure. This experiment was designed to determine if reducing the level of disturbance 

experienced by mice at the time of food removal would influence the percentage of animals that 

entrained to scheduled feeding. Our initial experimental design was based on the assumption that 

mice would become accustomed to eating a set amount of food within a six hour period, based on 

their mean daily food usage in LD. Our intent was to eliminate second disturbance, associated
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with food removed and provision of clean bedding, if mice reliable consumed all of the food 

provided within the six hour period.

Food was weighed daily for two weeks under ad libitum feeding in a 12:12 LD cycle to 

determine mean daily food usage for each individual. Thereafter, each mouse was provided with 

this mean amount of food per day (± 0.2 g). Subsequently, food availability was reduced in three 

day intervals, following the same schedule and procedures used in the standard scheduled feeding 

procedure, until the start of the second week with six hours of food availability in LD. At that 

time we began simply checking to make sure that all of the food had been used. If food was left 

at the end of the six hour food availability period it was removed and that animal’s daily ration 

was reduced to approximately the amount consumed on the following day. After three weeks in 

DD most animals were reliably using all of their food in the allotted time and we discontinued the 

second daily disturbance for three days. On the fourth day we checked the food hoppers six hours 

after food was provided to make sure that the mice were still using all of the food within the 

allotted time. Unfortunately many of the cages had food remaining, so we altered the 

experimental design and began removing food 2-3 times per week (approximately every third 

day) six hours after it was provided. This change allowed us to ensure that animals continued to 

eat all of their food during the allotted six hour interval but still reduced the level of disturbance 

relative to the standard scheduled feeding procedure.

Mice were weighed weekly, when cages were changed, to ensure they continued to 

maintain or increase body weight throughout the experiment. The amount of food was increased 

by approximately 0.5 g/day for any mouse that lost weight yet ate all the food provided each day. 

Similarly, the amount of food was reduced by approximately 0.5g for any animal that was not 

using all of the food within six hours.
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4.2.7 Behavioral assessment

The response phenotype of each mouse was classified as either entrained or not entrained 

(Figure 2). Based on our previous work with these mouse lines we know that any individual 

whose LEA period exceeded 24 h at any point in DD subsequently entrained (n = 77). Therefore, 

we felt confident in assigning these animals to the entrained response phenotype.

The pattern of entrainment was described in terms of the timing of activity relative to the 

time of food provision and the end of the food availability period. Onset of daily activity or an 

activity component was defined as the first occurrence when wheel revolutions exceeded 15% of 

the maximum recorded in a single bin that day for ten minutes or more (> 2 bins). Offset of 

activity was the last bin of the last bout which contained revolutions exceeding the 15% level. 

Duration of activity was the mean time between onset and offset of activity for the ten day 

interval. We used ClockLab (Actimetrics) to determine activity onset and offset. The date an 

animal reached stable entrainment was determined by eye using double-plotted actograms of 

wheel-running activity. In individual with a fluctuating phase angle of entrainment we used the 

day that the period first stabilized at 24 h as the date of stable entrainment. Therefore, the 

reported number of days from the onset of DD to stable entrainment should be considered an 

approximate. Reported values are means ± standard deviation. Differences in time to stable 

entrainment between experimental groups of mice from Line 2 were evaluated with a two-tailed 

Student /-test; a result ofp <  0.05 was considered significant.

These lines of mice differed in their response to scheduled feeding under the standard 

scheduled feeding procedure (10, 21). We used the Fisher’s Exact Test to determine if an 

experiment significantly affected the response phenotype distribution within a line.
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4.3 Results

4.3.1 Body weight comparison

Mean body weights were similar during initiation of scheduled feeding compared to 

scheduled daily disturbance in mice from Lines 1, 2 and 3 (Figure 4.1 (A), (B), and (C), 

respectively). In Line 4, mice in the scheduled feeding procedure were somewhat heavier than 

those in the disturbance experiment at each time point (Figure 4.1 (D)).

4.3.2 Standard scheduled feeding procedure

Fifty percent (10 of 20) of the mice from Line 1 entrained to the standard procedure 

compared to 100% (49 of 49) of mice from Line 2, 13.8% (4 of 29) of Line 3 mice, and 46.7% 

(14 of 30) of mice from Line 4 (from Castillo et al., 2004 (10) and Hochstetler and Bult-Ito (21)). 

Mice that entrained under the standard procedure organized their activity such that the onset of 

food availability occurred early in the active period. On average, it took mice from Line 1 (n = 9) 

91.8 ± 16.5, Line 2 (n = 19) 84.1 ± 21.1, Line 3 (w = 4) 113.5 ±52.2, and Line 4 (n = 14) 81.0 ±

19.3 days after the start of DD with six hours of food availability to entrain. The mean number of 

days required to entrain did not differ among the lines (Fi? 45 = 0.39, p  = 0.53). Mean time to 

entrainment of for all lines combined was 87.2 ± 24.4 (n = 46) days.

4.3.3 Reverse phase experiment

Four of five mice (80%) from Line 3 entrained to daily scheduled feeding when food was 

available during the normal activity period, i.e., when FAA and LEA were not temporally 

separated prior to the start of DD. This is significantly different (Fisher’s Exact Test, 1 d.f.; p  < 

0.007) from the findings for Line 3 mice (n = 6) tested in the standard scheduled feeding



procedure. All Line 2 mice tested in this experiment and under our standard scheduled feeding 

procedure entrained.

The phase relationship between activity onset and the start of food availability was not 

different from that seen under the standard scheduled feeding procedure. However, a fluctuating 

phase angle of entrainment was evident in the two Line 3 mice that were maintained on the 

feeding schedule for several months in DD (Figure 4.2(A and B)). The Line 3 mouse that did not 

entrain (Figure 4.2(C)) showed an activity pattern similar to that seen for Line 3 individuals tested 

in the standard scheduled feeding procedure.

4.3.4 Wheel blocking experiment

Only mice in which LEA was clearly separated from FAA had their wheels blocked. 

This was done in order to ensure that wheels were blocked at the same phase in all animals. 

Wheel blocking did not appear to affect the pattern of entrainment in Line 2 mice (Figure 4.3). 

Wheel-running activity before and after the two weeks without wheel access was similar. The 

time of onset of LEA following wheel restriction was consistent with that seen in Line 2 mice 

with similar maximum times separating LEA and the time of food provision when tested under 

the standard scheduled feeding procedure. Mice whose wheels were blocked (n = 5) took on 

average 86.2 ± 12.6 days to entrain; this was not different from the mean (84.1 ± 21.1, n = 19) for 

Line 2 mice in tested in the standard scheduled feeding procedure (two-tailed Students Mest, p  =

0.84).

4.3.5 Disturbance experiment

Percentage entrainment due to twice daily disturbance without scheduled feeding was 

60% (3 of 5), 87.5% (14 of 16), 11.8% (2 of 17), and 20% (1 of 5) in Lines 1 through 4,



respectively. These entrainment percentages were not significantly different from those observed 

under the standard scheduled feeding procedure (Fisher’s Exact Test, 1 d.fi; p  = 1.0, 0.06, 1.0, 

and 0.37 for Lines 1 through 4, respectively). In general, the mice in this experiment did not 

show anticipation of the either disturbance. Most of the mice in this experiment showed very 

little activity in response to the first daily disturbance. In contrast, they typically showed an 

increase in activity following the second disturbance.

Three mice from Line 2 entrained such that the second daily disturbance (equal to time of 

food removal in the standard scheduled feeding procedure) occurred near the start of their 

entrained active period. Double-plotted actograms of wheel-running activity for two of these 

mice are shown in Figure 4.4. However, each mouse showed a unique entrainment pattern. 

Activity onset entrained to the second daily disturbance rather than free-running through it in one 

mouse (Figure 4.4(A)). The second mouse (Figure 4.4(B)) was the only individual from these 

lines to show a free-running period >24 hr immediately after the start of DD (Figure 4.4(b)). This 

finding was particularly interesting because this mouse showed a normal free-running period 

(23.71 hr) when tested in DD prior to the start of this experiment. This was also the only animal 

in which offset free-ran past the time of the second daily disturbance. The final mouse (actogram 

not shown) initially appeared to be following the same pattern as the remaining seventeen 

entrained mice (see below), but instead of stabilizing with activity onset occurring prior to the 

time of the first disturbance and activity offset occurring at the time of the second disturbance or 

later, onset free-ran at a period >24 hr until it coincided with the time of the second daily 

disturbance a second time. These mice did not show an increase in activity in response to the first 

daily disturbance unless it occurred near time of activity onset or offset prior to entrainment. 

Onset of activity appeared to occur after the second daily disturbance in all three mice, but we 

were only able to obtain ten days worth of uninterrupted data following stable entrainment for



one individual. Mean activity onset was 0.23 ± 0.27 hr after the second disturbance in this 

individual.

Seventeen of the mice that entrained to scheduled daily disturbance showed behavioral 

activity patterns in which activity onset preceded the first disturbance and offset of activity that 

coincided with the time of the second disturbance or later. Actograms of wheel-running activity 

from a Line 1 mouse (A) and a Line 2 mouse (B) showing this pattern of entrainment are 

provided in Figure 4.5. Activity offset did not clearly precede the second daily disturbance in any 

individual. Activity was distributed relatively evenly throughout the active period (time between 

onset and offset of activity) in these mice.

Activity onset appeared to free-run for days or weeks following the entrainment of offset 

to the second daily disturbance in most mice (see Figure 4.5(A)). The period of the LEA onset 

would begin to lengthen until it reached and then exceeded 24 hrs. Once the period exceeded 24 

hrs activity onset began to move closer to the time of the first daily disturbance. The period 

would then start to decrease and eventually stabilize at approximately 24 hours. The activity 

pattern would then assume a relatively consistent phase angle with respect to the time of each 

disturbance in most mice. Offset was also adjusted, usually to a later time, once onset had 

reached a stable phase in some mice. Mice in this experiment appeared to stabilize with a wide 

range of phase angles between the onset of activity and the time of the first or second disturbance. 

The phase angle of entrainment continued to fluctuate in two mice, one each from Lines 2 and 3, 

that were maintained long-term in this experiment. The activity pattern of these mice was similar 

to that observed in the reverse phase experiment described previously.

Determination of the number of days required to entrain was only possible for eight of 

twenty mice. On average, it took these mice (n = 8) 87.2 ± 33.5 days to entrain to scheduled 

disturbance: 48 ± 21.2 days for Line 1 mice (n = 2), 95.6 ± 26.1 days for Line 2 mice (n = 5), and



123 days for the one Line 3 mouse that entrained. The number of days required to entrain to 

scheduled daily disturbance did not differ from the number of days required to entrain to the 

scheduled feeding for Line 2 mice (two-tailed Students /-test,/? = 0.993). Although we were only 

able to determine the number of days required for entrainment in two Line 1 mice, entrainment to 

scheduled daily disturbances was significantly (two-tailed Students t-test, p  < 0.01) faster than 

entrainment to scheduled feeding. The 123 days it took for the single Line 3 mouse to entrain is 

within the range (81-191 days) expressed by this line (n = 4) in response to the standard 

scheduled feeding procedure.

We observed a range of effects on the free-running period in activity onset among the 

mice that did not entrain to daily scheduled disturbance. The pattern of activity in seventeen mice 

showed little or no effect of disturbance on the free-running period in onset or offset, and thus 

resembled the patterns expressed by ad libitum fed animals in DD (data not shown). Six mice 

showed moderate (Figure 4.6(A)) to large effects (Figure 4.6(B)) on the free-running period in 

both onset and offset, and therefore showed patterns more typical of mice that did not entrain to 

the standard scheduled feeding procedure. Most animals showed little or no increase in activity 

following to the first daily disturbance unless it occurred during their active period, while all 

animals responded to the second daily disturbance with an increase in wheel-running activity 

regardless of when it occurred relative to their normal activity.

4.3.6 Reduced disturbance scheduledfeeding experiment

Entrainment occurred in 90.5% (19 of 21) of the Line 2 mice tested. Although this is the 

first time any Line 2 mice have failed to entrain to scheduled feeding, the difference did not reach 

the level of significance (Fisher’s Exact Test, 1 d.f.; p  < 0.09). Seventeen entrained with



behavioral activity patterns similar to those seen in response to the standard scheduled feeding 

procedure.

Two mice entrained but showed an unusual and strongly biphasic (split) pattern of 

activity that we have not previously observed in these mouse lines. The first activity component, 

LEA, was shorter (2.44 and 1.9 hr) than the second activity component and began at 20:38 ± 23 

min and 21:58 ± 23 min. The first activity component was not associated with food provision, 

food removal or any other signal that we were able to discern. The second daily activity 

component was longer (6.38 hr and 11.06 hr) and started in anticipation of the time of food 

provision (08:00); mean onset occurred at 05:32 ± 28 min and 04:23 ± 58 min. The end of 

activity occurred at 11:54 ± 58 min and 15:26 ± 53 min (3.9 hr and 7.4 hrs following food 

provision, respectively). Figure 4.7(A) shows the recorded wheel-running activity for one of 

these mice. This is the only mouse that entrained such that its activity offset occurred prior to the 

time of the second daily disturbance in any of the scheduled feeding or disturbance experiments.

The two mice that did not entrain to this reduced disturbance scheduled feeding 

experiment showed behavioral activity patterns similar to those seen in mice from Lines 1, 3 and 

4 that failed to entrain under the standard scheduled feeding procedure. An example of this 

behavioral pattern is provided in Figure 4.7(B).

4.4 Discussion

This study clearly demonstrates that a variety of non-photic factors associated with a 

scheduled feeding procedure can influence entrainment in these mouse lines. Previously, we 

have suggested that differences among the lines in their likelihood to entrain to scheduled feeding 

might be due to differences in either the strength of the entrainment signal, generated by the FEO 

or some other system, or in the sensitivity of the SCN to the entrainment signal (21). One goal of
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this study was to examine features of the standard scheduled feeding procedure that might affect 

the strength of the entrainment signal, such as the timing of the signal relative to the phase of the 

SCN circadian clock and the LEA rhythm, and the role of disturbance or behavioral arousal.

If strength of the entrainment signal is determined by some correlate of scheduled 

feeding, for example duration of food availability or length of time since the last feeding episode, 

then the likelihood of entrainment and pattern of activity should be similar under both the 

standard scheduled feeding procedure and the reverse phase experiment. We found that Line 3 

mice were more likely to entrain to scheduled feeding when food was provided during their 

normal active period, i.e., at the phase of the circadian cycle when mice feed under ad libitum 

conditions, than when it is temporally separated from nocturnal activity (previously reported 

results for mice tested in the standard scheduled feeding procedure (10, 21)). Therefore, we 

hypothesize that the difference among lines in likelihood of entrainment to scheduled feeding 

exists within the system generating the entrainment signal, potentially the FEO, rather than the 

circadian clock in the SCN. Alternatively, the entrainment signal generated in Line 3 mice may 

be strong enough to maintain the normal phase relationship when scheduled feeding coincides 

with the animals’ normal active phase, but is too weak to re-establish the phase relationship when 

feeding is dissociated from nocturnal activity and the time of peak mPer2 expression in the SCN. 

This could occur even if the strength of the signal was equal in both experimental conditions.

Scheduled daily disturbance without scheduled feeding was sufficient to entrain 

behavioral rhythms in a varying percentage of mice from each line. Although the percentage of 

entrained animals in each line was not significantly different from those observed under the 

standard scheduled feeding procedure, a non-significant trend (p < 0.06) for reduced likelihood of 

entrainment in Line 2 was found. The overall similarity in entrainment percentages suggests that 

the primary entrainment signal generated by a scheduled normocaloric feeding is related to
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disturbance and behavioral arousal rather than food availability or ingestion. However, we also 

observed the differences in the characteristics of the entrained rhythm in animals entrained to 

disturbance compared to those entrained to scheduled feeding. This suggests that disturbance and 

scheduled feeding act through separate but possibly synergistic pathways to entrain the SCN and 

clock controlled behaviors.

The differences among lines and among individuals within lines in their response to daily 

scheduled disturbance is consistent with earlier work that reported significant individual variation 

in phase-shifting and entrainment in response to a variety of non-photic stimuli (10, 18, 21, 28, 

30, 37, 48). Hastings et al (20) found that Syrian hamsters and Harlan ID(ICR) mice, but not 

C57B1/6 mice or Siberian hamsters, could be entrained to scheduled arousal in the form of gentle 

handling coupled with injection of a small amount of saline.

The second daily disturbance appeared to be the entrainment signal for all of the mice 

that entrained, regardless of how their daily activity was subsequently organized. We attribute 

this to the fact that the second daily disturbance, which included a daily bedding change and 

weekly cage changes and body mass measurements, was longer and more intense than the first 

daily disturbance, which was very brief and involved only rattling food in the hopper to simulate 

the time of food onset under the standard procedure. Most mice entrained such that activity offset 

rather than onset became entrained to the second daily disturbance. Behavioral activity was 

organized such that the second daily disturbance occurred late in the active period of these mice. 

This is similar to how activity was organized in mice entrained to scheduled forced treadmill 

running (28, 30). Other studies of mice found that steady-state entrainment was related to the 

free-running period prior to entrainment and that it only occurred when voluntary scheduled 

wheel-running occurred several hours into the normal activity period of mice (18, 19). Another 

explanation for the observed differences in the timing of entrained activity is that, similar to the
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response of rodents to a skeleton photoperiod (44), either disturbance event can serve as the 

signal for entrainment.

We observed a wide range of phase angles between the time of activity onset and the first 

daily disturbance in the disturbance experiment. This finding, coupled with the facts that activity 

offset never preceded the second disturbance and that activity onset appeared to free-run for days 

to weeks longer than activity offset, suggests that scheduled disturbance occurs by entraining 

offset rather than onset of activity. If this is true, differences in the time of activity onset may 

simply reflect individual variation in duration of daily activity rather than anticipation of the 

disturbance signal. In fact, anticipatory activity was not observed in mice where activity onset 

was entrained to the second daily disturbance. However, since the number of animals showing 

this pattern was small further testing is needed.

In animals that failed to entrain to scheduled daily disturbance, activity onset often 

appeared to free-run through both daily disturbances with little or no effect on period. No 

individuals showed the moderate to large effects on period that were described for some of the 

non-entrained animals tested using the standard scheduled feeding procedure.

Blocking wheel access for two weeks in Line 2 mice as they were progressing toward 

stable entrainment had no effect on the entrainment process. This suggests that entrainment to 

scheduled feeding is not dependent on activity level. This is in direct contrast to earlier work 

which showed that non-photic stimuli exert their effects on the circadian clock and clock- 

controlled behaviors through the induction of behavioral activity and that phase shifts and 

entrainment could be blocked by preventing the animal from being active (34, 35, 41, 49, 51). 

However, this finding must be interpreted cautiously because we tested a small number of 

animals during a single two week interval and did not assess general activity in addition to wheel- 

running. We selected the two week interval following the change from a free-running period <24
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hrs to one >24 hrs based on the hypothesis that activity level would be most important at a 

transition point. Although we found that wheel-running was not crucial during this period, we 

cannot rule out its importance at other points in the entrainment process. Alternatively, entrained 

mice may have compensated for the lack of a running wheel by increasing their general activity. 

Given that blocking wheel access in otherwise unrestrained hamsters reduced the magnitude of 

subsequent phase shifts by half (39), we expected to see at least some effect on the entrainment 

process, for example an increase in the number of days necessary to entrain or prevention of 

entrainment. The large variability in how long individuals took to entrain makes it unlikely that 

small changes could be detected. Future experiments are planned to more fully evaluate the 

importance of wheel-running activity on entrainment to scheduled feeding.

The reduction in the percentage of Line 2 mice that entrained in the reduced disturbance 

scheduled feeding experiment relative to the standard procedure was not significant. However, if 

we had evaluated the percentage of atypical responses, mice that did not entrain and those with 

split activity patterns, we would have found a significant difference from the entrainment patterns 

see in Line 2 mice tested in the standard scheduled feeding procedure. This finding might 

support a role for non-photic signals, other than those directly attributable to the schedule of food 

availability or food ingestion, having an effect on entrainment to scheduled feeding. However, 

further testing is needed to prove or disprove this hypothesis.

We propose that entrainment to our standard scheduled feeding procedure is influenced 

by a variety of non-photic factors. This is supported by the fact that changing the time of food 

provision relative to SCN phase in the LD phase of the experiment increased the entrainment 

percentage in Line 3 and the fact we obtained similar entrainment percentages for mice in 

standard scheduled feeding procedure and the disturbance experiment. The different patterns of 

entrained behavior observed in the disturbance experiment and the reduced disturbance scheduled
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feeding experiment also supports the hypothesis that entrainment to scheduled feeding is actually 

mediated through a variety of non-photic signals which may include signals from the FEO, 

peripheral tissues and brain areas involved with arousal state and reward processes. The 

persistence of line specific differences in entrainment across experiments may indicate 

differences in the responsiveness or sensitivity of the SCN to non-photic signals due to allelic 

variation in clock genes. Alternatively, the observed difference may be variation in the strength of 

the signal generated by one or more source of non-photic information.

4.5 Acknowledgements

We thank Drs. R. Mistlberger, L. Duffy and E. Murphy for helpful comments on the 

manuscript and K. Akasofu, Dr. M. Castillo, D. Greene, H. Wan, B. Jennison and R. Tavernier 

for their assistance with the experiments.

4.6 Grants

This work was supported by Specialized Neuroscience Research Programs (SNRP) Grant 

U54 NS041069 from the National Institutes of Health to Abel Bult-Ito. This SNRP was initially 

funded by the National Institute of Neurological Disorders and Stroke (NINDS), National 

Institute of Mental Health (NIMH), National Center for Research Resources and the National 

Center for Minority Health and Health Disparities. Current funding for this SNRP is provided by 

NINDS and NIMH.



72

4.7 References

1. Abe H, Honma S, Honma K. Daily restricted feeding resets the circadian clock in the 
suprachiasmatic nucleus of CS mice. Am J  Physiol Regul Integr Comp Physiol 292: R607- 
15, 2007.

2. Abe H, Kida M, Tsuji K, Mano T. Feeding cycles entrain circadian rhythms of locomotor 
activity in CS mice but not in C57BL/6J mice. Physiology & Behavior 45: 397-401, 1989.

3. Amy SP, Chari R, Bult A. Fos in the suprachiasmatic nucleus of house mouse lines that 
reveal a different phase-delay response to the same light pulse. J  Biol Rhythms 15: 95-102, 
2000.

4. Bobrzynska KJ, Mrosovsky N. Phase shifting by novelty-induced running: activity dose- 
response curves at different circadian times. J  Comp Physiol [A] 182: 251-8, 1998.

5. Bolliet V, Aranda A, Boujard T. Demand-feeding rhythm in rainbow trout and European 
catfish. Synchronisation by photoperiod and food availability. Physiol Behav 73: 625-33, 
2001.

6. Bult A, Hiestand L, Van der Zee EA, Lynch CB. Circadian rhythms differ between 
selected mouse lines: a model to study the role of vasopressin neurons in the 
suprachiasmatic nuclei. Brain Res Bull 32: 623-7, 1993.

7. Bult A, Lynch CB. Breaking through artificial selection limits of an adaptive behavior in 
mice and the consequences for correlated responses. Behav Genet 30: 193-206, 2000.

8. Bult A, van der Zee EA, Compaan JC, Lynch CB. Differences in the number of 
arginine-vasopressin-immunoreactive neurons exist in the suprachiasmatic nuclei of house 
mice selected for differences in nest-building behavior. Brain Res 578: 335-8, 1992.

9. Caldelas I, Feillet CA, Dardente H, Eclancher F, Malan A, Gourmelen S, Pevet P, and
Challet E. Timed hypocaloric feeding and melatonin synchronize the suprachiasmatic 
clockwork in rats, but with opposite timing of behavioral output. Eur J  Neurosci 22: 921-9, 
2005.

10. Castillo MR, Hochstetler KJ, Tavernier Jr RJ, Greene DM, Bult-Ito A. Entrainment of 
the Master Circadian Clock by Scheduled Feeding. Am J  Physiol Regul Integr Comp 
Physiol 287: R551-R555, 2004.

11. Challet E, Caldelas I, Graff C, Pevet P. Synchronization of the molecular clockwork by 
light- and food-related cues in mammals. Biol Chem 384: 711-9, 2003.

12. Challet E, Pevet P. Interactions between photic and nonphotic stimuli to synchronize the 
master circadian clock in mammals. Front Biosci 8: S246-57, 2003.

13. Cheng HY, Obrietan K, Cain SW, Lee BY, Agostino PV, Joza NA, Harrington ME, 
Ralph MR, Penninger JM. Dexrasl potentiates photic and suppresses nonphotic 
responses of the circadian clock. Neuron 43 : 715-28, 2004.



73

14. Damiola F, Le Minh N, Preitner N, Kornmann B, Fleury-Olela F, Schibler U.
Restricted feeding uncouples circadian oscillators in peripheral tissues from the central 
pacemaker in the suprachiasmatic nucleus. Genes Dev 14: 2950-61, 2000.

15. de Groot MH, Rusak B. Housing conditions influence the expression of food-anticipatory 
activity in mice. Physiol Behav 83: 447-57, 2004.

16. DeCoursey PJ. Function of a light response rhythm in hamsters. J  Cell Physiol 63: 189-96, 
1964.

17. DeCoursey PJ. Circadian photoentrainment: parameters of phase delaying. J  Biol Rhythms 
1: 171-86, 1986.

18. Edgar DM, Dement WC. Regularly scheduled voluntary exercise synchronizes the mouse 
circadian clock. Am J  Physiol 261: R928-33, 1991.

19. Edgar DM, Martin CE, Dement WC. Activity feedback to the mammalian circadian 
pacemaker: influence on observed measures of rhythm period length. J  Biol Rhythms 6: 
185-99, 1991.

20. Hastings MH, Duffield GE, Ebling FJ, Kidd A, Maywood ES, Schurov I. Non-photic 
signaling in the suprachiasmatic nucleus. Biol Cell 89: 495-503, 1997.

21. Hochstetler KJ, Bult-Ito A. Characteristics of the circadian activity rhythm are unrelated 
to the likelihood of entrainment to scheduled feeding in Mice (Mus musculus) . Am J 
Physiol Regul Integr Comp Physiol. Prepared for submission.

22. Holmes MM, Mistlberger RE. Food anticipatory activity and photic entrainment in food- 
restricted BALB/c mice. Physiol Behav 68: 655-66, 2000.

23. Kennedy GA, Coleman GJ, Armstrong SM. Restricted feeding entrains circadian wheel- 
running activity rhythms of the kowari.^w J  Physiol 261: R819-27, 1991.

24. Kennedy GA, Coleman GJ, Armstrong SM. Entrainment of circadian wheel-running 
rhythms of the northern brown bandicoot, Isoodon macrourus, by daily restricted feeding 
schedules. ChronobiologyInternational 12: 176-187, 1995.

25. Kennedy GA, Coleman GJ, Armstrong SM. Daily restricted feeding effects on the 
circadian activity rhythms of the stripe-faced dunnart, Sminthopsis macroura. J  Biol 
Rhythms 11: 188-95, 1996.

26. Landry GJ, Yamakawa GRS, Mistlberger RE. Robust food anticipatory circadian 
rhythms in rats with complete ablation of the thalamic paraventricular nucleus. Brain Res. 
in press.

27. Lowrey PL, Takahashi JS. Mammalian circadian biology: elucidating genome-wide 
levels of temporal organization. Annu Rev Genomics Hum Genet 5: 407-41, 2004.

28. Marchant EG, Mistlberger RE. Entrainment and phase shifting of circadian rhythms in 
mice by forced treadmill running. Physiol Behav 60: 657-63, 1996.



74

29. Marchant EG, Mistlberger RE. Anticipation and entrainment to feeding time in intact 
and SCN-ablated C57BL/6j mice. Brain Res 765: 273-82, 1997.

30. Marchant EG, Watson NV, Mistlberger RE. Both neuropeptide Y and serotonin are 
necessary for entrainment of circadian rhythms in mice by daily treadmill running 
schedules. JNeurosci 17: 7974-87, 1997.

31. Mead S, Ebling FJ, Maywood ES, Humby T, Herbert J, Hastings MH. A nonphotic 
stimulus causes instantaneous phase advances of the light-entrainable circadian oscillator of 
the Syrian hamster but does not induce the expression of c-fos in the suprachiasmatic 
nuclei. JNeurosci 12: 2516-22, 1992.

32. Mendoza J, Angeles-Castellanos M, Escobar C. A daily palatable meal without food 
deprivation entrains the suprachiasmatic nucleus of rats. Eur JNeurosci 22: 2855-62, 2005.

33. Mistlberger RE. Circadian food-anticipatory activity: formal models and physiological 
mechanisms. Neurosci Biobehav Rev 18: 171-95, 1994.

34. Mistlberger RE, Marchant EG, Sinclair SV. Nonphotic phase-shifting and the 
motivation to run: cold exposure reexamined. J  Biol Rhythms 11: 208-15, 1996.

35. Mistlberger RE, Sinclair SV, Marchant EG, Neil L. Phase shifts to refeeding in the 
Syrian hamster mediated by running activity. Physiol Behav 61: 273-8, 1997.

36. Mistlberger RE, Webb IC, Simon MM, Tse D, Su C. Effects of food deprivation on 
locomotor activity, plasma glucose, and circadian clock resetting in Syrian hamsters. J  Biol 
Rhythms 21: 33-44, 2006.

37. Mrosovsky N. A non-photic gateway to the circadian clock of hamsters. Ciba Found Symp 
183: 154-67; discussion 167-74, 1995.

38. Mrosovsky N, Reebs SG, Honrado GI, Salmon PA. Behavioural entrainment of circadian 
rhythms. Experientia 45: 696-702, 1989.

39. Reebs SG, Lavery RJ, Mrosovsky N. Running activity mediates the phase-advancing 
effects of dark pulses on hamster circadian rhythms. J  Comp Physiol [A] 165: 811-8, 1989.

40. Reebs SG, Mrosovsky N. Effects of induced wheel running on the circadian activity 
rhythms of Syrian hamsters: entrainment and phase response curve. J  Biol Rhythms 4: 39- 
48, 1989.

41. Reebs SG, Mrosovsky N. Large phase-shifts of circadian rhythms caused by induced 
running in a re-entrainment paradigm: the role of pulse duration and light. J  Comp Physiol 
[A] 165: 819-25, 1989.

42. Reppert SM, Weaver DR. Molecular analysis of mammalian circadian rhythms. Annu Rev 
Physiol 63: 647-76, 2001.

43. Roenneberg T, Daan S, Merrow M. The art of entrainment. J  Biol Rhythms 18: 183-94, 
2003.



75

44. Rosenwasser AM, Boulos Z, Terman M. Circadian feeding and drinking rhythms in the 
rat under complete and skeleton photoperiods. Physiol Behav 30: 353-9, 1983.

45. Slotten HA, Pitrosky B, Pevet P. Entrainment of rat circadian rhythms by melatonin does 
not depend on the serotonergic afferents to the suprachiasmatic nuclei. Brain Res 876: 10-6, 
2000.

46. Stephan FK. Food-entrainable oscillators in mammals. In: Handbook of Behavioral
Neurobiology, volume 12: Circadian Clocks. New York, NY, Kluwer Academic / Plenum 
Publishers. 2001,223-246.

47. Stephan FK. The "other" circadian system: food as a Zeitgeber. J  Biol Rhythms 17: 284- 
92, 2002.

48. Sumova A, Ebling FJ, Maywood ES, Herbert J, Hastings MH. Non-photic circadian 
entrainment in the Syrian hamster is not associated with phosphorylation of the 
transcriptional regulator CREB within the suprachiasmatic nucleus, but is associated with 
adrenocortical activation. Neuroendocrinology 59: 579-89, 1994.

49. Van der Veen DR, Castillo MR, Van der Zee EA, Jansen K, Gerkema MP, Bult-Ito A.
Circadian dynamics of vasopressin in mouse selection lines: translation and release in the 
SCN. Brain Res 1060: 16-25,2005.

50. Van Reeth O, Turek FW. Administering triazolam on a circadian basis entrains the 
activity rhythm of hamsters. Am J  Physiol 256: R639-45, 1989.

51. Van Reeth O, Turek FW. Stimulated activity mediates phase shifts in the hamster 
circadian clock induced by dark pulses or benzodiazepines. Nature 339: 49-51, 1989.

52. Yan L, Hochstetler KJ, Silver R, Bult-Ito A. Phase shifts and Per gene expression in 
mouse suprachiasmatic nucleus. Neuroreport 14: 1247-1251, 2003.



76

A

B

C

D
50

35 - 

30 -

25 -I--------------------- ,----------------------,---------------------T------------- i------------- t---------
10 9 8 7 6 DD

Figure 4.1. Mean body weights (grams) ± standard errors for Lines 1 (A), 2 (B), 3 (C) and 4 (D). 
Time points represent the interval (hours) between the time of food provision and removal or 
between the first and second disturbance (DIST) for mice subjected to standard scheduled feeding 
(SF: o; solid lines) or scheduled daily disturbance (DIST: •; dashed lines), respectively. The 
final point in each series represents the animals’ mean weight taken 0-7 days after the onset of 
constant darkness (DD). Line 1: n = 6, 18, 18, 18, 18, and 18 at each time point under SF; and, n 
= 6 at each time point under DIST. Line 2: n = 62, 62, 62, 62, 62, and 38 under SF; and, n = 18 
at each time point under DIST. Line 3: n = 26, 26, 26, 26, 26, and 18 under SF; and, n = 18 at 
each time point under DIST. Line 4: n = 6, 21, 21, 21, 21, and 21 under SF; and, n = 6 at each 
time point under DIST.



Figure 4.2. Reverse phase experiment. Representative double-plotted actograms of wheel- 
running activity from three mice tested in the reverse phase experiment. The period of food 
availability is indicated by gray shading on the left side of each record. The horizontal black line 
in each record indicates the start of the constant dark portion of the experiment. These actograms 
are from animals that entrained (A: Line 2; B: Line 3) and did not entrain (C: Line 3). The 
records are 120, 250 and 155 days in length respectively.



Figure 4.3. Wheel blocking experiment. Representative double-plotted actograms of wheel- 
running activity from Line 2 mice tested in the standard scheduled feeding procedure (A) or the 
Wheel Blocking Experiment (B). The period of food availability is indicated by gray shading on 
the left side of each record. The horizontal black line in each record indicates the start of the 
constant dark portion of the experiment. Each record is 160 days long.
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Figure 4.4. Disturbance experiment. Representative double-plotted actograms of wheel- 
running activity from mice Line 2 mice entrained to second daily disturbance. The gray shading 
on the left side of each record indicates the period of time between the first and second daily 
disturbance. The horizontal black line in each record indicates the start of the constant dark 
portion of the experiment. Activity was organized such that onset occurred at the time of the 
second daily disturbance (equivalent to the end of food availability under the standard scheduled 
feeding procedure) in these mice. The records are 152 (A) and 134 (B) days long.



Figure 4.5. Disturbance experiment. Representative double-plotted actograms of wheel- 
running activity from mice that entrained to scheduled daily disturbance. The gray shading on the 
left side of each record indicates the period of time between the first and second daily 
disturbance. The horizontal black line in each record indicates the start of the constant dark 
portion of the experiment. The records are from mice from Line 1 (A) and Line 2 (B) and are 130 
and 150 days long, respectively.



Figure 4.6. Disturbance experiment. Representative double-plotted actograms of wheel- 
running activity from mice that did not entrained to scheduled daily disturbance. The gray 
shading on the left side of each record indicates the period of time between the first and second 
daily disturbance. The horizontal black line in each record indicates the start of the constant dark 
portion of the experiment. The records are from a Line 4 mouse (A) and a Line 3 mouse (B). 
Both records are 130 days long.



Figure 4.7. Reduced disturbance scheduled feeding experiment. Representative double
plotted actograms of wheel-running activity from Line 2 mice that entrained (A) or failed to 
entrain (B). The gray shading on the left side of each record indicates the period of time between 
the first and second daily disturbance. The horizontal black line in each record indicates the start 
of the constant dark portion of the experiment. The records are from mice from Line 4 (A) and 
Line 3 (B) and are both 130 days long.
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Chapter 5 

General Conclusions

The goal of the research included in this dissertation was to better clarify the relationships 

between photic and non-photic signals, behavior, and characteristics of the suprachiasmatic nuclei 

(SCN). The SCN are the light entrainable oscillator (LEO) in mammals, act as the master 

circadian clock, and coordinate all behavioral and physiological circadian rhythms (reviewed in

(12)). Mammals also have a food entrainable oscillator (FEO) that is independent of the SCN 

(5;9-l 1). Under normal conditions the FEO is entrained by the SCN, but when food availability 

is temporally restricted the FEO can entrain circadian rhythms (4). The focus of my dissertation 

research was on the interaction between the FEO and LEO in the SCN. Both the LEO and FEO 

drive and can entrain circadian rhythms in activity. The FEO drives food anticipatory activity 

(FAA) and the LEO drives light entrainable activity (LEA), the normal nocturnal activity rhythm 

in mice (reviewed in (8; 10). Although FAA and LEA can be assessed by a variety of methods, I 

chose to look at wheel-running behavior because it is extremely robust, easy to monitor, and is an 

excellent phase marker for the LEO and FEO. Expression of the mouse PERIOD2 protein 

(mPER2) in the SCN was used to confirm the phase in the LEO in the experiment described in 

chapter two.

I defined the four main objectives of this research in chapter one. The following is a brief 

discussion of the primary results of the experiments I conducted to address those objectives.

My first objective was to determine if mouse lines that differ in a variety of circadian 

rhythm characteristics and in expression of some clock gene mRNAs and proteins within the SCN 

(1-3) also differ in their response to normocaloric scheduled feeding when it is initiated in LD and 

continued in subsequent DD. Because my primary focus was on the interactions between the 

FEO and the LEO, developing a scheduled feeding procedure that would allow me to visualize
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both FAA and LEA was important part of my research design. By providing food during the 

normal inactive period for mice, the light portion of the initial light-dark cycle, I was able to 

ensure maximal separation of the LEA and FAA. One of the primary conclusions of the research 

described in chapter two of this dissertation is that the scheduled feeding procedure used provides 

mice with a normal daily caloric intake, i.e., this is a normocaloric scheduled feeding procedure. 

I was also able to show that normocaloric scheduled feeding can entrain circadian behavioral 

rhythms in mice. In addition, the analysis of mouse PERIOD2 protein expression in the SCN 

showed that the SCN remains in phase with the onset of light entrainable activity and that peak 

expression occured near the time of food provision. Taken together, the mPER2 findings show 

that the SCN, like behavioral activity, can be entrained by scheduled feeding. In contrast to 

previous studies, I found that the free-running period, within the range expressed by these lines of 

mice, is not related to likelihood of entrainment to scheduled feeding. The behavioral patterns 

observed in these mice clearly indicate that entrainment to scheduled feeding differs from 

entrainment to a light-dark cycle.

Chapter three presents the data related to my second and third objectives, which were to 

assess whether the differences in circadian characteristics among the lines and between 

entrainment phenotypes within lines were related to the likelihood of entrainment to the standard 

scheduled feeding procedure. In contrast to earlier work with mice (6;7), I found that mean free- 

running period differed among the lines, but was not different in mice that entrained and those 

that did not entrain (see chapter two). Subsequent analyses indicated significant differences 

among the mouse lines in free-running period, amplitude of the chi-squared periodogram, number 

of activity bouts per day, total activity, onset precision and duration of daily activity in constant 

darkness. I also found differences among the lines in amplitude of the chi-squared periodogram, 

number of activity bouts per day and duration of daily activity under a light-dark cycle.
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However, none of measured circadian rhythm characteristics differed between mice that entrained 

and those that did not entrain to standard scheduled feeding procedure. The fact that differences 

among the lines in the percentage of individuals that entrain to scheduled feeding is unrelated to 

differences among the lines in circadian rhythm characteristics suggests that the primary factors 

influencing entrainment to scheduled feeding lie outside the SCN. Additional testing and 

analysis is necessary to determine if likelihood of entrainment to scheduled feeding is related to 

measurable characteristics of the circadian rhythm in FAA, and are, therefore, due to features of 

the FEO.

The fourth objective of my dissertation research was to describe the effects of altering 

components of the standard scheduled feeding procedure to assess the relative roles that other 

non-photic signals may play in entrainment to normocaloric scheduled feeding. I designed 

experiments to evaluate the effect of the following changes to the standard scheduled feeding 

protocol: 1) time of food availability relative to SCN phase during LD; 2) blocking running wheel 

access for two weeks during the entrainment process; 3) disturbance without scheduled feeding; 

and 4) scheduled feeding with reduced disturbance. By changing the time of food availability 

relative to SCN phase, I was able to determine that likelihood of entrainment is not simply due to 

the duration of food availability or time since the last feeding. The findings of this experiment 

also suggest that entrainment to scheduled feeding is likely due to features of the FEO rather than 

the LEO, i.e., SCN. In contrast to prior reports suggesting that behavioral activation is necessary 

for phase shifting and entrainment, I found that blocking access to a running wheel for two weeks 

in Line 2 mice did not appear to influence the entrainment process. I found that groups of mice 

subjected to disturbance without scheduled feeding showed the same entrainment percentages as 

mice subjected to the standard scheduled feeding protocol confirming that disturbance is a 

powerful non-photic signal in these mouse lines. The entrainment percentages suggest that the
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primary entrainment signal generated by my scheduled feeding procedure is related to disturbance 

and behavioral arousal rather than food availability or ingestion and therefore the source may not 

by the FEO. Observed differences in the patterns of entrainment suggest that disturbance may act 

through a separate, but possibly synergistic, pathway to entrain clock controlled behaviors. The 

dominant pattern of entrainment to disturbance was similar to patterns seen in mice entrained to 

scheduled forced treadmill running. Data from the disturbance experiment suggest that either 

activity onset or offset could become entrained to the second daily disturbance. However, further 

studies are necessary to determine the phase of the molecular clock in the SCN in disturbance 

entrained mice.

The experiments reported in chapters two, three, and four of this dissertation support the 

following general conclusions. The scheduled feeding procedures that were used in this research 

provide mice with a normal daily caloric intake eliminating the effects of undernourishment 

produced in some scheduled feeding experiments. Normocaloric scheduled feeding can entrain 

both the circadian wheel-running activity rhythm and the circadian clock in the SCN. The nest- 

building mouse lines differ in some circadian rhythm characteristics and likelihood to entrain to 

scheduled feeding. However, the differences in likelihood to entrain to scheduled feeding are not 

associated with any measured circadian rhythm characteristic. This research shows that 

scheduled feeding provides mice with a complex set of non-photic signals that may mediate 

entrainment. Finally, my results suggest that differences in the FEO or some other non-photic 

system are the most likely source of the observed differences in entrainment in response to 

scheduled feeding in these mice.

Overall, my dissertation research provides valuable insight regarding the potential source 

of variation among mouse lines in the ability to entrain to scheduled feeding. This work helps to 

establish that the strength of coupling between the FEO and LEO varies genetically and is
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unlikely to be due to features of the SCN. In addition, the results of this research provide a more 

complete description of wheel-running behavior in mice when food is available ad libitum or 

when food availability is temporally restricted. Such data form the basis for future studies aimed 

at identifying the location of the FEO, or other systems mediating non-photic entrainment, and 

the mechanisms by which theses systems are coupled to master circadian clock in the SCN.

Three lines of evidence appear to support the hypothesis that the FEO is the source of this 

entrainment signal: 1) it is a well described circadian oscillator, 2) mice express robust food 

anticipatory behavior when food-restricted in LD or DD, and 3) the time of food provision 

corresponds to the peak of mPER2 expression in the SCN of mice entrained to scheduled feeding. 

However, the results of the disturbance studies in chapter four suggest the possibility that the 

entrainment signal may be generated by a system other than the FEO, for example, one associated 

with arousal state or reward processes. Entrainment of the SCN and SCN-controlled circadian 

rhythms by scheduled feeding due to the combined influences of multiple sources of non-photic 

information on the molecular clock mechanism is also a strong possibility. I believe this is an 

important point that has not been fully considered in previous scheduled feeding studies. 

However, I also think that the line-specific differences in likelihood of entrainment to scheduled 

feeding and circadian rhythm characteristics expressed by these mouse lines make them an 

excellent model system for further investigations into the sources, pathways, and signals 

associated with non-photic entrainment of circadian rhythms and the SCN.

The study reported in appendix A addresses the role of two clock genes, mouse Periodl 

(mPerl) and Period2 (mPer2), in the phase delays produced in response to a light pulse at 

circadian time 16. Our results indicated greater light-induced mPer2 expression in big nest- 

builders (Line 3) than in small nest-builders (Line 1), with no difference in light-induced mPerl. 

Non-photic stimuli also produce phase shifts in behavior and clock function, so it would be



interesting to determine if these lines show similar responses to non-photic signals. Appendices 

B and C are related to the regulation of circadian rhythms in wheel-running activity and body 

temperature, respectively. Appendix B reports the results of a study testing the hypothesis that 

the number of arginine-vasopressin neurons in the SCN was correlated with the level or circadian 

characteristics of wheel-running activity in mice selected for high levels of wheel-running 

activity. The results failed to support that hypothesis. So, the role that these cells play in the 

SCN function remains to be determined. The study reported in appendix C characterized the 

circadian rhythm in body temperature (Tb) in the lines of mice selected for nest-building behavior 

and examined the impact that access to a running wheel had on the expression of this rhythm. 

We found that that wheel-access had a significant effect on the amplitude of the circadian Tb 

rhythm. We also found that small nest-builders with and without running wheels had a more 

robust Tb rhythm, larger amplitude of the chi-squared periodgram, than did big-nest builders. 

Although not directly related to the core objectives of my dissertation research, the studies 

included in these appendices advance our understanding of the SCN and circadian rhythms. Until 

the system(s) and signal(s) responsible for driving non-photic entrainment are identified, studies 

of SCN and how it responds to these signals offer the best chance for advancing our 

understanding of non-photic entrainment.

The research I conducted in support of this dissertation has helped to better describe how 

the SCN, the internal clock of mammals, organizes the daily activity rhythm in mice. Although 

the daily light-dark cycle is the primary environmental signal which sets the SCN to “local time”, 

my work has shown that the SCN is also sensitive to other signals and that in the absence of a 

light-dark cycle these signals can entrain both the daily activity rhythm and SCN.
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Appendix A

Phase shifts and Per gene expression in mouse suprachiasmatic nucleus4

A.l Abstract

In mammals, circadian rhythms controlled by the suprachismatic nuclei are entrained by 

photic stimuli. To investigate the molecular mechanism of photic entrainment, we examined 

light-induced behavioral phase delays and associated changes in mPerl and mPer2 gene 

expression in the suprachiasmatic nuclei of two mouse lines artificially selected for nest-building 

behavior. Big nest-builders show larger phase delays than small nest-builders. Light-induced 

mPerl and mPer2 expression was examined in individual mice previously tested for phase 

shifting at circadian time 16. Light-induced mPer2 expression was significantly higher in big 

compared to small nest-builders. No difference was found between lines in light-induced mPerl 

expression. The results suggest a more important role for mPer2 than for mPerl gene expression 

in behavioral phase delays.

4Published as Yan L, Hochstetler KJ, Silver R, and Bult-Ito A. Phase shifts and Per gene 
expression in mouse suprachiasmatic nucleus. NeuroReport 14(9): 1247-1251, 2003.
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A.2 Introduction

Circadian rhythms in behavior and physiology are controlled by an internal clock located 

in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus [1-3]. Light is the most 

prominent daily cue that synchronizes this clock to the environment. The discovery of clock 

genes (e.g. Perl, Per2, clock, BMAL1, cryl, cry2) has demonstrated that circadian oscillation is 

generated at the gene level [4], The molecular mechanism of rhythmic oscillation in mammals is 

described as interlocked positive and negative transcription/translation feedback loops [5]. The 

molecular mechanism of photic entrainment, however, is less well understood. Clock genes Perl 

and Per2 are rapidly induced by light in the SCN, and are believed to mediate photic resetting of 

the molecular clock [6,7]. However, the distinct function of these genes in producing behavioral 

phase delays is still unclear. Our previous study of regional distribution of light-nduced response 

suggests that mPer2 but not mPerl expression is correlated with phase delays [8].

To further investigate molecular mechanisms underlying photic phase shifts, we studied 

light-induced mPer gene expression in two artificially selected mouse lines, termed big and small 

nest-builders, which differ in their thermoregulatory nest building behavior. In both lines, the 

phase response curve to a 15min light pulse, tested at 3h intervals, are parallel at all circadian 

times, with significant phase delays between circadian (CT) 12 and CT21, and no phase advances

[9]. The big nest-builders, however, have a larger light-induced phase delays than do the small 

nest-builders between CT15 and CT21 [9], At CT16, there is a 2-fold difference in magnitude of 

phase delays and number of Fos-expressing cells [10]. In the present study we asked whether the 

magnitude of behavioral phase shifts is correlated with light-induced mPerl and/or mPer2 gene 

expression in the SCN.
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A.3 Materials and Methods

Male mice, Mus domesticus, bidirectionally selected for thermoregulatory nest-building 

behavior for 57 generations were the subjects of this study [11], Animals were housed 

individually, and food and water were available ad lib. All animal care and experimental 

procedures were approved by the University of Alaska Fairbanks Animal Care and Use 

Committee (protocol 00-06). Wheel-running behavior was recorded in 5min bins with the 

VitalView data collection system (Mini-mitter Co., Inc., Bend, OR). Animals were kept in a 

12:12h light:dark cycle for 2-3 weeks and were then placed in constant darkness (DD), with no 

access to nesting materials at any time. The experiment was performed in two series. In the first 

series, experimental animals were given a 15-min light pulse (700 lux) at CT16, following 

housing in DD for 10, 28 and 46-53 days, whereupon they were sacrificed at CT17.5 after the 

third light pulse and brain tissue was processed for in situ hybridization (five big and eight small 

nest-builders). In the second series, animals (11 big and nine small nest-builders) were given a 

light pulse (as above) on day 21 of DD to test their behavioral phase shift. They were then 

randomly assigned to experimental and control groups. Experimental animals (seven big and four 

small nest-builders) were given a second light pulse on day 42-45 at CT16 then sacrificed at 

CT17.5. Control animals (four big and five small nest-builders) did not receive a light pulse and 

were sacrificed at CT17.5 on day 42-45.

Behavioral phase shifts were measured using actograms created by ClockLab 

(Actimetrics, Evanston, IL). Activity onsets were assigned by ClockLab, then checked and edited 

by eye to include activity bouts that exceeded 15% of daily maximum activity and were >15min 

ling [10]. Two animals were excluded from the study because of technical problems.

Ninety minutes after the start of the light pulse, mice were anesthetized (sodium 

pentobarbital: 200 mg/kg, i.p.) under a red safelight. At this time Perl and Per2 mRNA levels
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both show a maximal response to light [7,8]. The animal’s head was then wrapped in two layers 

of aluminum foil to prevent exposure to light prior to transcardial perfusion with 20 ml phosphate 

buffer (0.1 M; pH 7.4) and 100 ml 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were 

removed and postfixed overnight at 4°C, then transferred to 20% sucrose in 0.1M phosphate 

buffer for storage and overnight shipping to Columbia University for processing. All solutions 

were RNase free.

The mPerl and mPer2 in situ probes used in this study were described previously [8]. 

Serial coronal sections (40|xm) were made from the rostral to caudal end of the SCN using a 

cryostat (Reichert-Jung, Heidelburg, Germany). Alternate sections were collected for mPerl and 

mPer2 probes. To minimize variation in the hybridization procedure, sections from both lines 

were processed simultaneously in the same well. Individual brains were identified with unique 

markings. The in situ hybridization histochemistry was performed as described previously [8],

For quantification of optical density, images of serial sections were captured using a CCD 

video camera (Sony XC77) attached to a light microscope (BH-2; Olympus Optical, Tokyo, 

japan). Expression of mRNA was quantified using the NIH Image program (version 1.61). Mean 

gray value per pixel was used to quantify the intensity of the signal in the SCN. For each animal, 

each SCN was evaluated separately in three sections taken from the mid-SCN region and the 

average was used for statistical evaluation. A hypothalamic area adjacent to the SCN was used to 

measure background. Relative optical density was calculated as [Optical Density$CN-Optical 

DensitybackgroundJ/Optical Densitybackground [12].

The results of the two independent series did not significantly influence the overall 

statistical evaluation (not shown) and therefore the two series were pooled for analysis. 

Differences between selected lines were evaluated by two-way ANOVA. Effects of selected line 

(i.e. big and small nest-builder), light pulse (i.e. light pulse and no light pulse before processing
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for in situ hybridization), and selected line x light pulse interaction were examined using type III 

sums of squares. Pairwise comparisons were evaluated with Student’s /-test. All results are 

expressed as means ± s.e.m.

A.4 Results

A light pulse in early subjective night induced phase delays in both lines of mice, shown 

for representative individuals (Fig. A .la) and for the experimental group (Fig. A.lb). Big nest- 

builders showed larger phase delays than did small nest-builders (Fig. 4.1b; F(l,27) = 10.89, 

/K0.0027). Animals were screened for their behavioral response to a light pulse at CT16 once 

(series 2) or twice (series 1) in an initial part of the study. The first and second light pulse (see 

Materials and Methods) resulted in comparable (t20 = 1.441, NS) and highly correlated (r = 

0.808, p<0.005, n=l 1) phase delays for each animal in series 1. Similarly, phase shift magnitude 

was not different between experimental and control animals tested in the behavioral part of the 

study (light pulse: F(l,27) = 3.03, NS; line x pulse interaction: F( 1,27) = 0.03, NS).

For the analysis of Per gene expression, animals were next randomly assigned to the 

experimental or control groups. Light-induced mPerl was detected in the SCN in both lines (Fig. 

2a, upper panel) and was concentrated in the ventral or core region of the SCN (see inserts in Fig. 

2a, upper panel). In non-light pulse controls of both lines, little mPerl expression was found in 

the SCN (Fig. 2a, lower panel). As shown in Fig. 2b, results indicate light-induced mPerl 

expression in the SCN of both lines (F(l,27) = 58.76, /;<0.0001). and no difference in light 

induced mPerl expression between lines (selected line: F(l,27) = 0.86, NS; line x pulse

interaction: F(l,27) = 0.96,NS).

A strong mPer2 signal was detected in the SCN of big nest-builders that received a light 

pulse, while a moderate mPerl signal was detected in small nest-builders (Fig. 3a, upper panel).
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High magnification images (see inserts in Fig. 3a, upper panel) show that mPer2 mRNA- 

expressing cells were located throughout the SCN. Little mPer2 signal was found in the SCN 

(Fig. 3a, lower panel) of non-light pulse controls from both lines. As shown in Fig. 3b, results 

indicate light-induced mPer2 expression in the SCN in both lines (F(l,27) = 209.63, /><0.0001), 

with significantly higher expression in big nest-builders (F(l,27) = 11.91, /?<0.0019). The 

interaction effect was significant (F(l,27) = 8.81, p<0.0062) because the difference between big 

and small nest-builders in mPer2 expression in the SCN in controls was much smaller than in 

experimental animals (Fig. 3b).

A.5 Discussion

Complex behaviors, such as circadian rhythmicity [4], have a polygenic basis [13]. 

Selected house mouse lines likely represent normal phenotypic and allelic variation that are 

products of natural selection [13], thereby presenting an opportunity to study the mechanistic 

basis of circadian physiology and behavior. Allelic variations in the Period gene are associated 

with alterations in free-running period and temperature compensation in drosophila [14]. Our 

lines of mice have been selected for their thermoregulatory nest-building behavior, and it is of 

interest to note that selection for this trait is associated with altered circadian behaviors including 

changes in free-running period [9].

The present study investigates Per gene expression in two lines of mice which differ in 

their behavioral phase shifts to a light at CT16 [9,10]. The results indicate greater light-induced 

mPer2 expression in big nest-builders than in small nest-builders, with no difference in light- 

induced mPerl. Per expression within the SCN is highly localized, as reported previously [8], 

with mPerl restricted to the core SCN region, while mPer2 is expressed throughout the SCN. 

Using anterograde tracer cholera toxin-p, retinal efferents have been shown to be concentrated in
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the core SCN, and avoid the shell region in mice [15] (and confirmed in our unpublished 

findings). Thus, present results suggest that mPerl expression is induced directly by photic input, 

while mPer2 is regulated by retinal input and some unknown mechanism(s).

Distribution of light-induced mPerl expression is the same in both lines, and similar to 

other mouse strains, including BALB/C [6] and C57BL/6 [8]. The absence of differences 

between big and small nest-builders in mPerl induction in the core SCN suggests that line 

differences in behavioral phase shifts cannot be accounted for by mPerl induction or by photic 

input. This is consistent with studies of mPerl mutant animals, which show normal phase delays 

to a light pulse in early subjective night [16,17], However, in mice an antisense phosphotioate 

oligonucleotide to mPerl mRNA significantly reduced light-induced phase delays [18].

More interesting is the greater mPer2 expression in the SCN of big nest-builders, 

associated with bigger phase delays, and lesser mPer2 expression in small nest-builders, 

associated with smaller phase delays. This suggests that mPer2 is important in regulating phase 

delays, consistent with work on mPerl and mPer2 mutant animals [16]. Alternatively, second- 

order neurons receiving indirect photic input may be more sensitive to the consequences of photic 

information potentially leading to the activation of several genes. This activation might result in 

increased communication among SCN neurons leading to increased phase delays without direct 

involvement of mPer2.

It is well established that light-induced behavioral phase sifts are correlated with Fos 

expression in the SCN [19]. Our results point to a similarity between fos and mPer2 expression, 

but different expression patterns for fos and mPerl. Big nest-builders, which show bigger phase 

delays, also show higher mPer2 mRNA and c-FOS protein expression than do small nest-builders

[10], while mPerl expression does not differ between lines. This can be explained by taking the 

regional localization of expression of these genes into account. Light-induced c-Fos mRNA is
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initially observed in the ventral of core region of the SCN and subsequently spreads throughout 

the SCN [20]. Light-induced expression of c-FOS protein was observed in both ventral (core) 

and dorsal (shell) regions of the SCN [10]. In the present study, mPerl is only observed in the 

core, and mPer2 is observed throughout the SCN. These data suggest that c-fos expression in the 

SCN is the product of both direct retinal input and light-induced changes in SCN cells that are not 

themselves directly retinorecipient. We speculate that similar processes may underlie mPer2 

induction in the SCN.

Photic entrainment is a unique process that involves three components of the circadian 

system: input, pace-maker, and output. In mammals, the major input pathway to convey light 

information to the SCN is the retinohypothalamic tract originating from a subset of retinal 

ganglion cells [21,22]. Light resets the phase of pacemaker cells in the SCN, thereby resetting 

the phase of all circadian rhythms [23]. SCN output pathways are not fully understood, but both 

synaptic and diffusible signals may be involved [3,24-26], The present study suggests that 

differences between lines in phase shifting behavior are not due to differences in the input 

pathway, but rather in pacemaker mechanisms and/or output pathways. While strain differences 

in protein expression remain to be determined, the results demonstrate that behavioral phase 

delays are associated with line differences in mPer2, but not mPerl mRNA.
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Figure A.l. Light-induced phase shifts in the two mouse lines, (a) Representative actograms 
show locomotor activity of a big and small nest-builder. Mice maintained in a 12:12h light:dark 
cycle (indicated by the white-black bar on the top) were placed in DD and then were given a light 
pulse at circadian time 16 as indicated by the label to the right of each figure, (b) In the light- 
pulsed experimental group, big nest-builders showed a larger phase delay than did small nest- 
builders. ***p<0.005 (/-test), n = 11 for each group.
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Figure A.2. Light-induced mPerl in the suprachiasmatic nucleus (SCN) of the two mouse 
lines. Experimental animals (LP+) were given a light pulse (700 lux, 15 min) at circadian time
16, then killed at circadian time 17.5. Control animals (LP-) that were not exposed to light were
killed at the same circadian time, (a) mPerl staining in the hypothalamus containing the SCN in 
brain sections from both mouse lines. Inserts show a high-magnification micrograph of the SCN. 
(b) in the LP+ group, light-induced mPerl expression in the SCN (relative optical density) did 
not differ between the big and small nest-builders. White dashed line shows the border of the 
SCN. OC, optic chiasm; V, third ventricle; ****p<0.0001 (ANOVA): LP+: n = 11 for each
group, LP-: n = 4 (big), n = 5 (small).
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Figure A.3. Light-induced mPer2 in the suprachiasmatic nucleus (SCN) of the two mouse 
lines. Experimental animals (LP+) were given a light pulse (700 lux, 15 min) at circadian time 
16, then killed at circadian time 17.5. Control animals (LP-) that were not exposed to light were 
killed at the same circadian time, (a) mPer2 staining in the hypothalamus containing the SCN in 
brain sections from both mouse lines. Inserts show a high-magnification micrograph of the SCN. 
(b) in the LP+ group, light-induced mPer2 expression in the SCN (relative optical density) was 
significantly higher in big nest-builders compared to small nest-builders. White dashed line 
shows the border of the SCN. OC, optic chiasm; V, third ventricle; *p<0.05, **p<0.01 (t-test), 
****/K0.0001 (ANOVA): LP+: n = 11 for each group, LP-: n = 4 (big), n = 5 (small).
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Appendix B

Number of argenine-vasopressin neurons in the suprachiasmatic nuclei is not related to 

level or circadian characteristics of wheel-running activity in house mice3

B.l Abstract

House mouse lines bidirectionally selected for nest-building behavior show a correlation 

between number of AVP cells in the suprachiasmatic nuclei (SCN), the master circadian clock in 

mammals, and level of nest-building behavior as well as a correlation between wheel-running 

activity and SCN AVP content. Similar genetic correlations between wheel-running activity and 

nest-building behavior have been reported in house mouse lines selected for increased voluntary 

wheel-running behavior. These similarities in genetic correlation structure in independently 

selected mouse lines allowed us to test whether AVP in the SCN and wheel-running activity are 

truly correlated traits under identical testing procedures. In the mouse lines selected for voluntary 

wheel-running, no difference was found between the lines selected for high levels of voluntary 

wheel-running and randomly-bred control lines in the number of AVP immunoreactive neurons in 

the SCN CFi.e = 0.09, NS; replicate line effect: FU22 = 0.05, NS, n = 24), or circadian organization 

(i.e., the chi-squared periodogram waveform amplitude; R = -0.071, NS). Therefore our data do 

not support the hypothesis that differences in activity level and the circadian expression of 

activity in young adult mice are related to differences in the number of AVP-immunoreactive 

cells in the SCN.

^Published as Hochstetler KJ, Garland T, Swallow JG, Carter PA, and Bult-Ito A. Number of 
argenine-vasopressin neurons in the suprachiasmatic nuclei is not related to level or circadian 
characteristics of wheel-running activity in house mice. Behavior Genetics 34(1): 119-124, 2004.
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B.2 Introduction

The suprachiasmatic nucleus (SCN) of the anterior hypothalamus has long been known as 

the site of the circadian clock in mammals (Weaver, 1998). This clock allows the body to time 

biological functions at a precise phase relationship to the light-dark cycle, but whether if regulates 

other circadian rhythm features (e.g., rhythm amplitude) is currently unknown. Arginine- 

vasopressin (AVP) neurons are prevalent in the SCN and are extensively interconnected (Castel 

et al., 1990; Van den Pol and Gores, 1986), suggesting the capacity for coordinated output. 

However, efforts to link AVP to specific clock functions have largely been inconclusive. For 

example, work done by Shimizu et al. (1996) revealed that selective immunotoxin-induced 

reduction of the number of AVP neurons in the SCN of rats eliminated the circadian rhythm of 

water intake. Likewise, AVP mRNA and protein expression is reduced and arrhythmic in the 

Clock mutant mouse, paralleling changes in circadian function (Jin et al., 1999; Silver et al., 

1999; Vitatema et al., 1994). In contrast, studies of circadian rhythms in AVP-deficient 

Brattleboro rats have shown that AVP is not necessary for the maintenance of coherent circadian 

rhythmicity (Groblewski et al., 1981; Murphy et al., 1996, 1998; Stoinev and Ikonomov, 1990).

In aging, decreased AVP content in the SCN (Hofman and Swaab, 1994, 1995; Lucassen 

et al., 1995) is correlated with decreased amplitude of the activity rhythm, increased rhythm 

fragmentation, and disruption of the normal sleep/wake cycle (reviewed in Myers and Badia, 

1995). These correlations parallel relationships found in young adult male house mice (Mus 

domesticus) bidirectionally selected for thermoregulatory nest-building behavior (Bult and Lynch, 

2000). In these mice, increased number of AVP neurons in the SCN of the small nest-builders is 

correlated with increased wheel-running activity and rhythm amplitude, reduced rhythm 

fragmentation, and delayed time of daily activity maximum compared to the big nest-builders 

(Bult et al., 1993, 2001). If AVP neurons in the SCN are functionally involved in regulating the
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level or circadian characteristics of wheel-running activity, then we predict that mice selected for 

high levels of voluntary wheel-running activity and consequently high rhythm amplitudes 

(Garland, 2003; Swallow, et ah, 1998) will have larger numbers of AVP neurons in the SCN 

compared to the randomly bred control lines. Rhythm amplitude refers to the daily maximum 

activity level. Using a paradigm similar to the one used to assess the nest-building mice (Bult et 

ah, 1992, 1993, 2001), we compared the number of AVP-positive SCN neurons to circadian 

rhythm parameters in these activity-selected lines.

B.3 Methods

In the Bult-Ito laboratory, 24 adult male house mice (Mus domesticus) from generation 

19 of selection for voluntary wheel-running (n = 13) and nonselected control lines (n = 11) (see 

Swallow et ah, (1998) for details on selective breeding) were individually housed in 

polypropylene cages (24 x 35 x 21 cm) equipped with a 27-cm-diameter running wheel. Animals 

were randomly assigned to running wheels, and all animals were tested at the same time in the 

same room. Eight additional animals (four high selected and four control) were housed in the 

same room in cages without wheels. Purina rodent chow and water were available ad libitum, 

and the animals were kept on a 16:8 light-dark cycle (lights on at 0400) for the duration of the 

experiment. Animals were allowed free access to a running wheel for 17-18 days, after which 

they were perfused 3.8-6.3 h after lights on and their brains collected for immunohistochemistry 

as previously described (Van der Zee and Bult, 1995). The final 7-10 days of the activity record 

were used for circadian rhythm analysis. Running-wheel activity was recorded as previously 

described (Amy et ah, 2000), and parameters of the wheel-running activity were quantified using 

ActiView (Minimitter Co., Inc., Bend, OR) and ClockLab (Actimetrics, Evanston, IL) following 

previously described criteria (Bult et ah, 1993, 2001). Measured circadian rhythm parameters
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included: total daily activity (number of wheel revolutions per day), time of daily activity

maximum, amplitude of the wheel-running rhythm, the chi-squared periodogram waveform 

amplitude (a measure comparable to the tau peak height used by Bult et al., 2001), and rhythm 

fragmentation (mean number of activity bouts per day). The chi-squared periodogram is a 

mathematical time-series analysis to determine the period (Sokolove and Bushnell, 1978) and 

robustness (Bult et al., 2001; Levine et al., 2002) of a rhythm. For comparison, mice from the 

same generation were tested for wheel-running activity in the Garland laboratory as previously 

described (Garland, 2003; Rhodes et al., 2001; Swallow et al., 1998). Cell counts for AVP- 

positive neurons were performed in the six most medial SCN sections from each animal, 

according to Bult et al. (1992). Cell counts represent the total number of AVP-positive neurons 

in the left and right sides of the SCN for all six evenly spaced 20-^m coronal sections from each 

animal (section numbers 4, 7, 10, 13, 16, 19). Neurons were also counted in replacement animals 

(those without running wheels). Cell counts were done blind to line of origin to avoid bias.

Data were analyzed using SAS software (SAS Institute Inc., Cary, NC). All values are 

reported as means ± standard error. Results from behavioral screening for selective breeding of 

generation 19 in the Garland laboratory were analyzed by ANOVA (proc mixed), with family 

and replicate line (four selected lines, four control lines) entered as nested random effects, for the 

following fixed effects: selected line (high and control), batch (testing group), age, and wheel 

free-ness. For data collected in the Bult-Ito laboratory, the effects of having a running wheel or 

not, selected line, and replicate line on the number of AVP neurons in the SCN were tested by 

ANOVA (proc glm). Differences in total daily activity between selected and control lines were 

tested by ANOVA (proc glm) for effects of selected line and replicate line. At the level of 

individual variation (n = 24), linear regression analysis (proc reg) was used to test for 

relationships between the total number of AVP cells in the SCN and total daily activity or the chi-
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squared periodogram waveform amplitude. In addition, linear regression analysis was also used 

to test for relationships between the chi-squared periodogram waveform amplitude and total daily 

activity, time of daily maximum activity, amplitude of the activity rhythm, or rhythm 

fragmentation.

B.4 Results

In the Bult-Ito lab, we found a nonsignificant trend for increased total daily running in the 

high-selected mice (10,582 ± 794 wheel revolutions per day [revs/day], n = 13) compared to 

randomly bred controls (7851 ±1153 revs/day, n = 11) (selected vs. controls F\$ = 3.06, NS; 

replicate line effect F6ji6 = 1.80, NS). However, the replicate control lines tended to have 

different mean levels of daily wheel running (replicate line #1: 10,132 ± 1744 revs/day; #2: 

5087 ± 2136 revs/day; #4: 4639 ± 1744 revs/day; #5: 10,625 ± 1744 revs/day) compared to the 

replicate high selected lines (replicate line #3: 10,824 ± 1173 revs/day; #6: 12,161 ± 2573

revs/day; #7: 9310 ± 1893 revs/day; #8: 9956 ± 1038 revs/day). Male mice (n = 266) from the 

same generation tested in the Garland laboratory showed a 2.67-fold difference in wheel-running 

activity (control lines: 3232 ± 540 rev/day; high lines; 8628 ± 505 rev/day), similar to results 

from comparable generations (Garland, 2003; Rhodes et al., 2001; Swallow et al., 1998). The 

replicate line (F\$ = 53.31, p  < 0.0003) and batch (Fj^m = 15.73, p < 0.0001) effects were 

significant, whereas the age (.Fi,i83 = 1.34, NS) and wheel freeness (F\ 183 = 1.14, NS) effects 

were not.

Results of ANOVA showed no difference in the number of AVP neurons in animals with 

and without running wheels {F\(, = 0.02, NS), and therefore the two groups were pooled. No 

difference was found between the selected (1134 ± 44, n = 15; Fig. lb) lines in the number of 

AVP immunoreactive neurons in the SCN (F\^ = 0.09, NS; replicate line effect: F\ 2i = 0.05,
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NS). To confirm that the number of AVP neurons in the SCN was not associated with total daily 

activity or circadian parameters of wheel-running activity, linear regressions were performed on 

all animals combined. No relationship was found between number of AVP neurons in the SCN 

and total daily activity (R = -0.086, NS, n = 24; Fig. lc), or the chi-squared periodogram 

waveform amplitude (R = -0.071, NS, n = 24). The chi-squared periodogram waveform 

amplitude (R = -0.071, NS, n = 24). The chi-squared periodogram waveform amplitude is the 

primary characteristic of the wheel-running rhythm used in this study. This measure incorporates 

other characteristics of circadian organization (Bult et al., 2001) as exemplified by the following: 

chi-squared periodogram waveform amplitude was significantly (p < 0.0125 with Bonferroni 

correction for four statistical tests) correlated with total daily activity (R = +0.712,/? < 0.0001, n 

= 24; Fig. Id), rhythm fragmentation (R = -0.858, p  < 0.0001, n = 24), amplitude of the activity 

rhythm (R = +0.547,/? < 0.0057, n = 24), and time of maximum activity (R = +0.652,p  < 0.0006, 

n = 24).

B.5 Discussion

Previous studies have shown that the number of AVP cells in the SCN is correlated with 

activity level and several circadian characteristics of the activity rhythms (see Introduction). We 

were able to address the relationship between AVP neurons in the SCN and the circadian rhythm 

of voluntary wheel-running independently from other studies by using mouse lines specifically 

selected for increased wheel-running behavior. Our data do not support the hypothesis that 

differences in activity level and the circadian expression of activity in young adult mice are 

related to differences in the number of AVP-immunoreactive cells in the SCN.

In this study we found apparent differences among the replicate control lines with two of 

the four lines that tended to show lower activity levels, whereas the two remaining control lines
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tended to be similar to the four high selected replicate lines. Other studies with these lines, 

including the generation that produced these mice, have shown significant differences in wheel- 

running activity between all control and all high selected lines with no significant replicate effect 

(e.g., Koteja et al., 1999; Rhodes et al., 2001; Swallow et al., 1998). A possible explanation for 

the differences in wheel-running behavior found among the control replicate lines is the 

difference in the experimental setups for measuring wheel-running activity. Very large diameter 

running wheels (1.1m circumference) located in a separate chamber (connected to the home cage 

by a short tunnel) are used for selection (Koteja et al., 1999; Rhodes et al., 2001; Swallow et al., 

1998) as opposed to the relatively small running wheels (located in the home cage) used in this 

study. Alternatively, the relatively small sample size in each replicate line may also have played 

a role. Because of these differences among the control replicate lines, we used regression 

analysis to test across selected lines for a relationship between AVP in the SCN and wheel- 

running activity based on total daily activity as opposed to selected line. Again, however, we 

found no evidence for a relationship between the number of AVP cells in the SCN and total daily 

activity or characteristics of the circadian activity rhythm. This lack of a relationship is consistent 

with a study with a recent study that found no difference in the number of Fos-positive cells in the 

SCN of mice from the selected and control lines (Rhodes, 2002).

Work on house mouse lines bidirectionally selected for nest-building behavior found that 

small nest-building mice are more active than mice that built large nests (Bult et al., 1993). 

Similarly, the lines selected for increased voluntary wheel-running used in this study made 

smaller nests than did less active control lines (Carter et al., 2000). In the lines selected for nest- 

building (Bult et al., 1993, 2001) and the lines selected for wheel-running (this study), significant 

correlations were measured between the chi-squared periodogram waveform amplitude and total 

daily activity, rhythm fragmentation, amplitude of the activity rhythm, or time of maximum
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activity, revealing very similar circadian rhythm organization. The significant correlations also 

indicate that our data set of the wheel-running selected lines had considerable statistical power. 

These similarities in genetic correlation structure for nest-building behavior, activity level, and 

circadian organization in independently selected mouse lines strengthen our conclusion that AVP 

in the SCN appears to be unrelated to the level of circadian organization of wheel-running 

activity.
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Figure B.l. Arginine-vasopressin (AVP) in the suprachiasmatic nucleus (SCN) and its 
relationship to circadian activity rhythms. A, Representative coronal sections stained for AVP 
from the medial region of the SCN of a randomly bred control mouse and (B), of a mouse 
selected for increased wheel-running behavior. C, Mean number of wheel revolutions per day for 
individual mice vs. number of AVP-positive neurons in six medial SCN sections (R = 0.0860, 
NS, n = 24). D, Mean number of wheel revolutions per day for individual mice vs. the chi- 
squared periodogram waveform amplitude (p < 0.0001, n = 24). OC, optic chiasm; 3V, third 
ventricle. Scale bar = 50 nm.
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Appendix C

Circadian rhythm of core body temperature in two laboratory mouse lines6 

C.l Abstract

The circadian rhythm of core body temperature (Tb) was examined in two mouse lines 

bidirectionally selected for nest-building behavior (small (SNB) and big nest-builders (BNB)). 

This selection also resulted in more robust circadian organization of wheel-running activity in the 

SNB compared to the BNB mice. Tb was measured by an e-mitter implanted in the abdominal 

cavity. The circadian Tb rhythm of the SNB was more robust compared to the BNB regardless 

whether the animals had access to a running wheel or not and regardless of the lighting 

conditions, i.e., 12 h: 12 h light:dark (LD) cycle or constant dark (DD). Wheel-running activity 

rhythms of SNB were more robust in LD and DD compared to BNB. The amplitude of the 

circadian Tb rhythm increased significantly in response to wheel access in both mouse lines, but 

was not significantly different between the BNB and SNB. However, BNB tended to have lower 

amplitudes of circadian Tb rhythm in the absence of running wheels and a larger increase in the 

amplitude upon access to a running wheel compared to SNB. No differences were found in the 

free-running period of the Tb or wheel-running activity rhythms in DD. Overall, our findings 

reveal a more robust circadian phenotype of the SNB compared to the BNB.

Keywords: Circadian; Body Temperature; Locomotor activity; Mice

6Published as Castillo MR, Hochstetler KJ, Greene DM, Firmin SI, Tavemier RJ, Raap DK, and 
Bult-Ito A. Circadian rhythm of core body temperature in two laboratory mouse lines. Physiology
& Behavior 86(4): 538-545, 2005.
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C.2 Introduction

Circadian rhythms of body temperature (Tb) result from endogenous rhythms of heat 

production and heat loss [32], In mice and other nocturnal species, Tb increases during the night 

when activity increases, exhibiting the highest temperatures during the dark period [8,12,13] and 

the lowest temperatures during the light period [8,11-14,26], Circadian rhythms of Tb and 

behavior in mammals are regulated by the master circadian clock located in the suprachiasmatic 

nucleus (SCN), as demonstrated by SCN lesion [9,16,21,23,27,28,33] and transplant [17,19] 

studies. Furthermore, hamsters bearing a mutation at the level of the molecular circadian clock

[22] have altered Tb and activity rhythms [25]. Although circadian rhythms of Tb are controlled 

by the SCN, the homeostatic control of Tb is not regulated by the SCN [21,23,33]. Electrolytic 

lesions to the preoptic area (POA), but not the SCN, resulted in increased amplitude of the 

circadian Tb rhythm suggesting that the POA and the SCN are independently responsible for the 

homeostatic and circadian regulation of Tb, respectively [21].

Deviations from the normal temperature amplitude allowed by the circadian clock at 

certain times of day have three main sources: internally generated heat resulting from physical 

activity, heat transferred from the environment to the organism, or heat lost from the organism to 

the environment [32]. Nearly all changes in activity are reflected in Tb [10,34], Therefore, 

endogenous Tb rhythm control has been difficult to distinguish from activity induced Tb changes. 

Dissociation of activity and Tb rhythms in laboratory mice has been shown only in aging studies

[35].

The aim of the present study was to investigate whether two mouse lines (Mus musculus), 

previously reported to differ in circadian patterns of wheel-running activity and the magnitude of 

light-induced phase shifts [1-3,36], also differ in circadian expression of Tb.
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C.3 Materials and Methods

C.3.1 Animals

Male mice (Mus musculus), at least two months old at the start of experiments, were 

taken from two lines bidirectionally selected for thermoregulatory nest-building behavior (two 

independently maintained replicate lines each of small nest-builders (SNB) and big nest-builders 

(BNB)) [2,4-6]. These lines display other behavioral differences, including several circadian 

rhythm characteristics such as robustness of locomotor activity rhythms and magnitude of light- 

induced phase shifts [1,2,36]. They also have differences in expression of some clock gene 

mRNAs, peptides, and proteins within the SCN [1,3,6,36], All mice were housed individually on 

wood shavings in polycarbonate cages (21x37x14 cm; Nalgene, Rochester, NY) under a 12h:12h 

light:dark (LD) cycle or constant dark (DD). Food (Purina Rodent Chow, Purina Mills, St. Louis, 

MO) and water were available ad libitum. All animal care and experimental procedures were 

approved by the University of Alaska Fairbanks Institutional Animal Care and Use Committee 

(IACUC #00-06 and #02-54).

C.3.2 E-mitter surgery

Temperature/activity transmitters (PDT-4000 G e-mitters, 22 x 8 mm, from Mini-Mitter 

Co, Sunriver, OR) were implanted in the abdominal cavity of mice at 60 to 120 days of age using 

standard sterile surgical procedures. A surgical plane of anesthesia was induced by injecting a 

cocktail of ketamine hydrochloride (Ketaset, 76 mg/kg) and medetomidine hydrochloride 

(Dormitor, 1 mg/kg). Lubricating ophthalmic ointment was applied to the animal’s eyes. The 

abdominal fur was shaved and the abdomen was disinfected with alcohol and betadine. A 1-2 cm 

skin incision was made along the midline approximately 2 mm below the umbilical scar. Then a 1 

cm incision was made at the linea alba. A sterile e-mitter was placed in the abdominal cavity.
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After completing the surgical procedure, including suturing, the anesthesia was reversed with 

atipamezole hydrochloride (Antiseden, 1 mg/kg). At least 2 weeks of recovery were allowed 

prior to initiation of data collection. Body weight measurements were recorded at the time of 

surgery.

C.3.3 Experimental conditions and measurements

Baseline Tb and general activity were recorded in the absence of nest-building material 

and running wheels under a 12 h: 12 h LD cycle. Running wheels (24 cm diameter; Nalgene, 

Rochester, NY) were then added to the cages and animals were allowed at least 2 weeks of 

familiarization to the wheel before data collection began. Ten days of Tb, general activity (e- 

mitter activity counts), and wheel-running activity (number of wheel rotations) data were used for 

data analysis. Data were collected using VitalView data collection system (Mini-Mitter Co, Inc., 

Bend, OR) and analyzed using the ActiView (Mini-Mitter) and ClockLab (Actimetrics, Evanston, 

IL) software following previously described criteria [2,3,7]. Measured circadian parameters 

during a 10-day period included: mean Tb (°C), mean amplitude of the circadian Tb rhythm (°C; 

calculated as the difference between the maximum and minimum values from a 10 -day averaged 

24 h data plot with 30-min smoothing using ClockLab), mean daily wheel-running activity 

(number of wheel revolutions per day), mean daily general activity (e-mitter activity counts per 

day), and robustness of circadian Tb and wheel-running activity rhythms (amplitude of the chi- 

squared periodogram waveform). The amplitude of the chi-squared periodogram is a 

mathematical time-series analysis to determine the period [29] and robustness [3,18,30] of a 

rhythm.

The experimental design included the use of replicate experiments. A single experiment 

included an age-matched group of SNB and BNB from the same generation for which Tb data,
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wheel-running activity data, or both were collected. A replicate experiment refers to the 

replication of the experiment by a different investigator at a different time using different groups 

of age-matched SNB and BNB under the same animal housing and experimental conditions as 

specified. Replicate experiments included mice from three different generations. The age of the 

mice at the start of the experiment did not exceed 6  months and the age difference among all mice 

used did not exceed 4 months. General activity and Tb under the 12 h: 12 h LD cycle were 

measured in mice implanted with e-mitters first in the absence and then in the presence of a 

running wheel in the same animal in 2 replicate experiments. Tb in the presence of a running 

wheel was measured in a total of 4 replicate experiments. Tb in the absence of a running wheel 

was measured in a total of 3 replicate experiments. After data collection in LD was completed, in 

one of the experiments of e-mitter implanted mice the lights in the room were turned off at the 

end of the light period for at least 10 days of Tb and wheel-running activity data were collected in 

the presence of running wheels in DD.

The e-mitter system is capable of collecting Tb and general activity data from multiple 

animals simultaneously. However, the nature of the activity detection system makes direct 

comparisons of general activity invalid. It is only valid to compare one animal’s activity over 

time and treatment using each animal as its own control (communication with Mini Mitter Co., 

Inc. representatives). Therefore, general activity in each animal was measured in the absence of 

the wheel and then in the presence of the wheel. Subsequently, the percent increase in general 

activity and the amplitude of the general activity rhythm caused by wheel-running was calculated 

for each animal and used for purpose of comparison of the experimental treatment groups.
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C.3.4 Statistics

Statistical analysis was performed using SAS software (SAS Institute INC., Cary, NC). A 

two-way analysis of variance (ANOVA; proc glm) was used to test for mouse-line (SNB and 

BNB), wheel access (wheel and no wheel), and mouse-line by wheel-access interaction effects. 

These effects were tested over the replicate effect nested within mouse-line and wheel-access 

effects. If significant effects were found, appropriate pairwise comparisons were performed using 

the Tukey's Studentized Range Test. Parameters in LD that were evaluated using this two-way 

ANOVA included mean daily Tb, amplitude of the circadian Tb rhythm, robustness of the 

circadian Tb rhythm, and body weight.

A one-way ANOVA (proc glm) was used to test for a mouse-line (SNB and BNB) effect 

tested over the replicate effect nested within mouse line. Parameters in LD that were evaluated 

using this one-way ANOVA included daily wheel-running activity, robustness of the circadian 

wheel-running activity rhythm, percent increase of general mean daily activity, and percent 

increase of the mean daily amplitude of the general activity rhythm.

For the experiment in DD, differences between SNB and BNB in mean daily Tb, 

amplitude of the circadian Tb rhythm, robustness of circadian Tb and wheel-running activity 

rhythms, and free-running periods of the Tb and wheel-running activity rhythms were evaluated 

with Student t-tests.

All reported values are means ± standard error (SE).

C.4 Results

C.4.1 12 h:12hLD  cycle

For the Tb parameters, no significant mouse-line by wheel interactions were found, 

which indicates that the BNB and SNB responded similarly to the absence or presence of a wheel.
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A significant main effect of wheel-access on the amplitude of the circadian Tb rhythm and a 

significant main effect of mouse-line on robustness of the Tb rhythm were revealed (Table 1). 

The SNB had more robust circadian Tb rhythms than the BNB regardless of wheel access (Table 

land Fig. 1). This was characterized by less fragmented Tb rhythms in SNB (Fig. 1). Mean Tb 

was not significantly different between SNB and BNB in the absence or presence of a running 

wheel (Table 1 and Fig.l). The amplitude of the circadian Tb rhythm increased significantly in 

response to wheel access in both mouse lines, but was not significantly different between the 

BNB and SNB (Table 1).

The robustness of the wheel-running activity rhythm was marginally significantly 

(p<0.06) higher in the SNB than the BNB (Table 1 and Fig. 1). This was characterized by less 

fragmented Tb rhythms in SNB (Fig. 1). In addition, BNB had less precise entrainment patterns 

to the LD cycle with some activity occurring in the light period, as reported previously (2,3). The 

number of wheel revolutions per day was not significantly different between BNB and SNB 

(Table 1).

General activity and the amplitude of the general activity rhythm increased in the 

presence of running wheels but these parameters were not significantly different between the 

BNB and SNB (Table 1). However, BNB tended to increase general activity more.

Replicate effects were significant for several of the parameters measured (Table 1) and, 

therefore, using the replicate effect as the error term in all ANOVAs was necessary to avoid false 

positives.

C.4.2DD

In the presence of a running wheel, the BNB had significantly less robust Tb and wheel- 

running activity rhythms compared to SNB in DD (Table 2 and Fig. 2). This is characterized by
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more fragmented Tb and wheel-running activity rhythms in BNB (Fig. 2), which look very 

similar to those in a 12 h:12 h LD cycle (Fig. 1). Therefore, masking effects of light and/or 

darkness do not appear to be important as confirmed in earlier work (2,3). Mean Tb, the 

amplitude of the Tb rhythm, and the number of wheel revolutions per day were not significantly 

different between the mouse lines (Table 2 and Fig. 2). Neither the free-running period in DD of 

the Tb or the wheel-running activity rhythms differed between the BNB and SNB (Table 2).

Overall body weight was significantly higher (F\$= 7.51, P< 0.05) in BNB (37.4 ± 1.05, 

n=28) compared to SNB (29.2 ± 0.92, n=27) tested over the replicate effect which was also 

significant OF 8.45 = 11 -42, PO.OOOl), as reported previously [4,5].

C.5 Discussion

We have reported previously that the BNB have less robust circadian organization of 

wheel-running activity compared to SNB [3], including increased fragmentation of the circadian 

rhythm in LD and DD and more activity occuring during the light period in the BNB [2,3]. Our 

current results in LD and DD replicate this work for wheel-running activity and importantly 

reveal that the circadian organization of the Tb rhythm is also less robust in the BNB compared to 

the SNB regardless of the presence or absence of a running wheel. This finding suggests that 

circadian organization of the Tb rhythm in our mice is not influenced by activity level, and may 

be independently regulated from circadian organization of activity rhythms.

To our knowledge no other studies have been published on mice using the chi-square 

periodogram amplitude to characterize the robustness of the core Tb circadian rhythm. 

Robustness of the circadian Tb rhythm has been positively correlated with body weight in a study 

comparing six different rodent species [24], but this study did not include mice. In these six 

rodent species, robustness of the circadian rhythm of Tb was positively correlated with body
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weight. In contrast, our results revealed a negative correlation in which the heavier BNB had less 

robust Tb rhythms compared to the lighter SNB.

SNB and BNB significantly increased the amplitude of the circadian Tb rhythm after 

access to running wheels. Increases in the amplitude of the circadian Tb rhythm in response to 

access to running wheels have also been reported in hamsters [10]. This increase is likely to be 

the result of additional heat generation by exercise that increases Tb and as a consequence 

increases the amplitude of the circadian Tb rhythm. In general, the amplitude of the circadian Tb 

rhythm of the BNB and SNB is similar to that reported for other mouse strains, i.e., C3H (2.4 °C), 

C57BL (1.8 °C), CBA (1.4 °C), NZB (1.1 °C), as previously reviewed [26].

Mean daily Tb was not significantly different between SNB and BNB either in the 

absence or presence of running wheels in an LD cycle and only marginally significantly different 

in the presence of a running wheel in DD. These results indicate that the mean daily Tb is tightly 

controlled, whereas the daily fluctuations are influenced at least in part by activity level. The 

observed mean Tb values in our lines are well within the range of previously reported values for 

mice [1 1].

BNB tended to have lower amplitudes of circadian Tb rhythm in the absence of running 

wheels and a larger increase in the amplitude upon access to running wheels than SNB. However, 

these differences were not significant. Nevertheless, BNB increased the amplitude of the 

circadian Tb rhythm by 0.79 °C on average, while the SNB increased 0.36 °C. These results 

suggest a weaker circadian organization in the BNB. The preoptic area of the anterior 

hypothalamus (POA) and the SCN have been suggested as being responsible for the homeostatic 

and circadian regulation of Tb, respectively [21], The POA has been shown to regulate the 

amplitude of the circadian Tb rhythm [21]. Therefore, our findings alternatively could have 

resulted from slight differences in the POA between the lines in combination with other factors
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such as the smaller body weight of the SNB. In addition, although the percent increase of general 

activity and the amplitude of the general activity rhythm from no wheel to having a wheel were 

not significantly different; the BNB tended to increase general activity parameters more and this 

may have contributed to a larger increase in the amplitude of the Tb rhythm.

The free running periods of the circadian Tb and wheel-running activity rhythms were 

not significantly different between SNB and BNB in the presence of a running wheel (Table 2). 

This reveals that the circadian Tb and wheel-running activity rhythms were in phase, which may 

have been controlled by the master circadian clock, which imposed a common phase, or could 

have been driven by the wheel-running activity rhythm [10,34], To further investigate the 

influence of general and wheel-running activity on circadian Tb rhythms, future experiments will 

benefit from experimental designs that include direct comparison of general activity levels among 

individuals, such as measured by infrared beams.

Significant replicate effects were observed for several Tb and activity parameters. The 

significant replicate effects may arise from differences in age of the mice among different 

replicate experiments. Although the age of the SNB and BNB was always matched within a 

single experiment, the age of the mice among replicate experiments differed up to 4 months. The 

use of replicate experiments carried out independently by different investigators in new groups of 

age-matched SNB and BNB from different generations of mice provides assurance that the 

significant differences found between the SNB and the BNB are present consistently between the 

two mouse lines. The use of replicate experiments indirectly reduces the possibility of a Type I 

statistical error (false rejection of the null hypothesis). However, increased variability in the 

results due to age differences in replicate experiments could have obscured significant differences 

between the lines. Future experiments will investigate age effects on circadian parameters of Tb, 

wheel running, and general activity of the BNB and SNB.
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Circadian rhythms of activity and Tb are generated by the SCN [16,17,27,28] and 

differences in robustness of the circadian rhythms of Tb and activity between the lines may be 

consequence of differences in cellular/intracellular mechanisms at the level of the SCN and/or 

effector pathways. This difference is most likely not due to previously reported differences in 

the number of arginine-vasopressin (AVP) immunoreactive neurons in the SCN between SNB 

and BNB [6 ], because other studies have shown that circadian organization of activity rhythms in 

mice is not related to the presence or quantity of AVP peptide or mRNA in the SCN [15,20,31].

Overall, our results reveal a more robust circadian phenotype of the SNB compared to the 

BNB. To our knowledge, no other research groups have performed studies that correlated nest- 

building behavior with circadian organization of both behavioral and physiological rhythms. The 

high levels of nest-building behavior combined with less robust circadian organization in the 

BNB could represent an adaptive phenotype to high latitude environments. The higher nest- 

building levels and larger body size would protect against cold ambient temperatures during 

winter [5,6], while less robust circadian organization may provide a benefit related to the extreme 

changes in light-dark cycles in the arctic by allowing the animal to entrain to rapidly changing 

day lengths [30].
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Period (hours)

Figure C.l. Representative examples of 10-day core body temperature (Tb) and wheel- 
running activity rhythms under a 12 h: 12 h light (open bar) and dark (black bar) cycle in the small 
nest-builders (SNB) and big nest-builders (BNB) and their corresponding chi-squared 
periodograms. Tb plots in the absence (Al(SNB), D1 (BNB)) of in the presence (B1 (SNB), El 
(BNB)) of wheel running and their corresponding chi-squared periodograms of Tb (A2 (SNB), 
D2 (BNB), B2 (SNB), E2 (BNB)). Double plot actograms of 10-day wheel-running activity (Cl 
(SNB), FI (BNB)) and their corresponding chi-squared periodograms (C2 (SNB) and F2 
(BNB)). Twenty-four-hour periods are indicated.
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Figure C.2. Representative examples of 10-day core body temperature (Tb) and wheel- 
running activity rhythms under DD in the small nest-builders (SNB) and big nest-builders (BNB) 
and their corresponding chi-squared periodograms. Tb plots (A1 (SNB) and Cl (BNB)) in the 
presence of wheel running and their corresponding chi-squared periodograms of Tb (A2 (SNB) 
and C2 (BNB)). Double plot actogram of 10-day wheel-running activity (B1 (SNB) and D1 
(BNB)) and their corresponding chi-squared periodograms (B2 (SNB) and D2 (BNB)). Twenty- 
four-hour periods are indicated.



Table C.l.
Circadian parameters of core body temperature (Tb), wheel-running activity, and general activity in the big nest-builders (BNB) and small 
nest-builders (SNB) under a 12 h: 12 h light.dark (LD) cycle in the absence or presence of a running wheel.__________________________

Parameter
Big nest-builders Small nest-builders

Replicate Mouse line Wheel access
Mouse line x 
wheel access 
interactionWheel No-wheel Wheel No-wheel

effect effect effect

Mean daily Tb (°C) 37.03 ±0.07 36.72 ± 0.07 36.89 ± 0.08 36.90 ±0.21 F 10,60 =1-77 F,, ,o = l. 18 Fi,io= 1-45 F, ,0=0.78

n = 21
n = 19

n =  16
n =  18 P > 0.08 P > 0.25 P > 0.25 P > 0.25

Mean amplitude of daily Tb rhythm (°C)
2.74 ± 0.07a 

n = 21

1.95 ± 0.05b 
n =  19

2.67 ± 0.07a 

n = 16

2.31 ± 0 .0 8 b 
n = 18

F io,6o= 2.23 
P < 0.03

F,, io= 180 
P > 0 .1 0

F,, io= 41.56 
P <  0.001

F,, io=2.31 
P > 0 .1 0

Mean robustness of Tb rhythm (amplitude 
o f chi-squared periodogram waveform)

1771 ± 7 7 a 

n = 21

1685±86a 
n =  19

2259 ± 52b 

n = 16

2359 ±7 l b 
n =  18

F io,60 = 3.10 
P < 0.003

Fi io = 18.30 
P< 0 .01

F, ,o = 0.29 
P > 0.25

Fi.io = 0.32 
P > 0 .2 5

Mean number of wheel revolutions per day
9062 ± 825 

n = 21
-

9062 ± 825 

n = 21
- F6 29 = 2.00 

P > 0.1 _

F 1>6 = 0.75 
P > 0.25 —

Mean robustness o f wheel-running activity 
rhythm (amplitude of chi-squared 
periodogram waveform)

1279 ± 8 4  

n = 21
-

1279 ± 8 4  

n = 21
- F6,29 = 5.02 

P < 0.005 -
F, 6 = 4.46 
P > 0.05 -

Mean percent increase o f mean daily 
general activity*

130 ± 2 2  

n = 13
-

130 ± 22 

n = 13 -
F2,17= 1.19 
P > 0.3 -

F ,2 = 1.58 
P > 0 .1 -

Mean percent increase o f mean daily 
amplitude o f the general activity rhythm*

137 ± 19 

n = 13
-

137 ± 19 

n =  13
- F2,i7 = 3.40 

P > 0.05 -
F, 2 = 1.36 
P > 0.25 -

Different letters represent significant differences (p<0.05) evaluated by the Tukey Studentized Range (HSD) Test as a post-hoc test on significant main effects.
NS=Not significant.
* Wheel-running conditions with respect to no-wheel. Percent increases were calculated because direct comparison of general activity counts could not be made among 
individuals with the e-mitter system (see Materials and Methods).
**Marginally significant.



T able C.2.
Circadian parameters of core body temperature (Tb) and wheel-running activity in the big nest-builders (BNB) and small nest-builders 
(SNB) in DD with access to a running wheel.

Different letters represent significant differences. 
NS = Not significant.
**Marginally significant

Parameter Big Nest-Builders 

W heel

Small Nest-Builders 

Wheel
Student f-test

Mean daily Tb (°C) 37.17 ± 0.16 /? = 5 36.76 ±0.10/1 = 5 ts = 2.20 P <0.075**

Mean amplitude o f mean daily Tb (°C) 2.45 ±0.21 n = 5 2.52 ± 0.09 n = 5 ts = 0.33 NS

Mean robustness o f Tb rhythm
(amplitude of chi-squared periodogram waveform) 1515 ± 113a /? = 5 2179 ± 129b n = 5 f8= 3.87 P <  0.005

Mean free-running period of Tb rhythm 23.72 ± 0.06 n = 5 23.77 ± 0.06 n = 5 /8= 0.57 NS

Mean number o f wheel revolutions per day 9743 ± 2242 n = 5 8533 ± 1794 n = 5 ts = 0.42 NS

Mean robustness of wheel-running activity rhythm 
(amplitude o f chi-squared periodogram waveform) 838 ± 6 8 a /? = 23 1569 ± 66b « = 21 f42= 7.70 P <  0.0001

Free-running period o f wheel-running activity rhythm 23.71 ±0 .07  n = 23 23.67 ± 0 .0 4 n  = 21 f42= 0.52 NS


