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Introduction

Rate of Living 

The temporal organisation of life among warm-blooded vertebrates is characterised by

two dominant patterns (Figure 1.1). First, there is a wide array of periodicities in phy-

siology, behaviour and life history that scale in a characteristic way with body size.

Secondly, there are circadian and circannual periodicities that are size independent and

are understood as an adaptation to the rotation of the earth around its axis and around

the sun. In the interspecific comparison, the time constant of size dependent processes

scales with body mass to an exponent of circa 0.3. Thus, the duration of one heartbeat

of a 1000 kg elephant is about 105x0.3 = 32 that of a 10g mouse. The same ratios

would work out for the periodicity of gut peristalsis, for the generation time and ind-

eed life span. It implies that the number of heartbeats per breath (circa 4) or per life

span (circa 109) is size independent across mammals. Such interspecific relationships

have led to the general concept of the rate of living (Pearl, 1928). Size among homeo-

therms also dictates metabolic rate, which is proportional to body mass to an exponent

of circa 0.7. Scaling of metabolism has attracted the interest of generations of biologist

attempting to unravel a universal law of nature, focussing originally on the closeness of

the exponent to 2/3 (surface : volume ratio; Rubner, 1883) and later to 3/4 (Kleiber,

1961). Whatever the nature of the law is, its consequence is that mass specific metabo-

lism scales exactly inversely with the frequency of heart beats, respiration, peristalsis

etc. Thus, there is an appealing proposition that natural selection has generated the co-

adaptation of the rates of metabolic, physiological and life history processes, such that

their time constants all scale in the same way with body size while their interrelations-

hip is size-invariant.

The circadian cycle, in contrast, is itself size-invariant. It is adapted to the same

external 24-h periodicity for mouse and elephant. This might suggest that generation of

circadian rhythmicity is completely uncoupled from the general rate of living of a spe-

cies. That needs not to be the case, however. If the two general patterns are internally

physiologically coupled, evolution should have had sufficient time to adjust their time

ratio’s. In the mouse the cycle length might have become set at about 12x105 heartbeats,

in the elephant at about 4x104.  The interspecific comparison does not tell us much

about the physiological organisation.

In this thesis, I explore whether a single-locus mutation affecting the circadian sys-

tem in dramatic manner, simultaneously affects a series of other aspects of temporal

organisation. I was encouraged to pursue this question by the initial finding  (chapter 2)

Chapter 1

8



that the metabolic rate of tau mutant Syrian hamsters is increased in proportion to the

effect on circadian frequency.

The tau mutation – historical background

The first circadian clock mutants were produced by mutagenesis in the fruit fly,

Drosophila melanogaster (Konopka and Benzer, 1971). The mutations altered the endo-

genous period of the rhythm in locomotor activity and pupal eclosion or abolished cir-

cadian rhythmicity. These different circadian phenotypes were later mapped to the same

genetic locus per (Bargiello and Young, 1984; Reddy et al., 1984). Other clock mutants

among invertebrates have been described for instance in Chlamydamonas reinhardii and

Neurospora crassa (Bruce, 1972; Feldman and Hoyle, 1973).

The first mutation of a gene controlling the circadian clock in vertebrates spontane-

ously occurred in a breeding colony of the Syrian hamster (Mesocricetus auratus) where

a single male exhibited an abnormal short circadian period (τ) in constant darkness

(Ralph and Menaker, 1988). Whereas the average τ in constant darkness for this species
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Figure 1.1 Relationships between body size and time of different biological processes in mammalian
species (Daan and Aschoff, 1982). Heart beat duration: 1.2 x 10-5 x M0.27 (M-body mass in g; Stahl,
1962); gut beat time: 9.3 x 10-5 x M0.31 (Stahl, 1962); meal time in Microtine rodents: 1.0 x M0.30

(Daan and Slopsema, 1978); generation time: 1.2 x 103 x M0.26 (Daan and Aschoff, 1982); life span:
8.9 x 103 x M0.29 (Stahl, 1962).
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is about 24.1 h and rarely shorter than 23.5 h, the free running period of this male was

22.0 h. In a light-dark cycle of 14 h light and 10 h darkness (LD 14:10), the circadian

system of the abnormal male entrained, but the onset of activity occurred about 4 h

before the expected time. This male was bred with normal female hamsters (average τ of

about 24 h) that produced offspring of which half had a normal τ and entrainment to

LD cycle, and the other half exhibited an abnormally short τ and their father’s unusual

entrainment. Additional crossings firmly established that the tau mutation is at a single,

autosomal locus, which affects the circadian period in hamsters: animals with a free run-

ning period of approximately 22 h are heterozygous mutants (tau +/-) and hamsters

with a circadian period of about 20 h are homozygous mutants (tau -/-; figure 1.2).

The discovery of the tau mutation opened numerous possibilities to examine unre-

solved questions about biological rhythms. A major question, at the time not definitively

settled concerned the issue whether the suprachiasmatic nuclei (SCN) of the hypothala-

mus are the site of the circadian pacemaker in mammals. This was suggested but not

entirely proven by lesions of these brain areas (Stephan and Zucker, 1972; Moore and

Eichler, 1972) and by transplantation of fetal SCN into animals whose own SCN had

been ablated (DeCoursey and Buggy, 1989). The final proof came with the transplanta-

tion of the SCN using a tau mutant strain of hamsters (Ralph et al., 1990). The host’s

circadian activity rhythm was restored in arrhythmic animals whose own nuclei had

been ablated. The restored rhythm always exhibited the period of the donor genotype,

demonstrating that the graft not merely facilitated rhythm expression but itself determi-

ned the characteristics of the rhythm.

The generation of circadian oscillations is not exclusive to the SCN. Tosini and

Menaker (1996; 1998) have shown for the first time in mammals that endogenous circa-

dian oscillations persist outside of the primary clock. Retina of tau mutant hamsters

generated independently a circadian rhythm of melatonin synthesis with a period altered

by 4 h, similar to the circadian period of their activity rhythms.

Properties of the circadian system in tau mutant hamsters

The effect of the tau mutation on the period of the free running activity rhythm (figure

1.2) originates from the main circadian pacemaker, the SCN. As in the activity rhythm,

an about 20 h period also has been observed in the spontaneous neural discharge of

SCN neurons of tissue culture in homozygous tau hamsters (Davies and Manson, 1994).

Liu et al. (1997) examined the circadian period from single cells within the SCN in

homozygous and heterozygous tau hamsters. They demonstrated that the circadian

period observed at the behavioural level is highly correlated with averaged periods from
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the firing rate of single SCN neurons. These in vitro neurophysiological studies were

extended to in vivo studies where multiple unit neural activity from inside and outside

of the SCN was recorded in freely moving hamsters (Yamazaki et al., 1998).

The four hours difference between the circadian period of wild-type and homozy-

gous tau mutant could be derived from a deletion of a 4 h segment from the circadian

cycle. Alternatively one might presume that each circadian hour is accelerated by about

10 minutes. These two alternatives were distinguished in studies where light pulses were

delivered during the subjective day and night and a phase-response curve (PRC) was

constructed (Shimomura and Menaker, 1994; Grosse et al., 1995; Shimomura et al.,

1998). In the nocturnal Syrian hamster, light pulses presented during the subjective day

(circadian time: CT 0-12, the hamster’s rest phase) do not phase shift its activity rhythm

but light pulses presented during the subjective night (CT 12-24, the active phase) pro-

duce phase delays and advances. The PRC for tau mutant hamsters did not differ in

shape: both phase advances and phase delays were observed. However, phase advances

(CT 16-22) for tau mutants were substantially elevated whereas the phase delays did not
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Figure 1.2 Examples of double-plotted running wheel activity record of wild-type (tau +/+), heterozy-
gous (tau +/-), and homozygous tau mutant (tau -/-) Syrian hamsters in constant darkness.
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differ between genotypes (Grosse et al., 1995). Furthermore, the magnitude of phase

delays and advances increases in tau mutant hamsters with prolonged time in constant

darkness (Menaker et al., 1993; Shimomura and Menaker, 1994). Together these stu-

dies suggest that the tau mutation accelerates all phases of the circadian cycle, with one

circadian hour representing on average 50 minutes of a solar time. 

Also non-photic events are capable to phase-shift and synchronise circadian

rhythms. The shape and magnitude of the non-photic PRC for tau mutant hamsters

differed substantially from wild-type hamsters (Mrosovsky et al., 1992). Whereas wild-

type hamsters show small phase delays from CT 22 to CT 2 (subjective dawn) non-pho-

tic activity pulses phase advance the rhythms in homozygous and heterozygous tau

mutants. Thus in tau mutant hamsters no delay portion of the PRC was obtained in con-

trast to the photic PRC, and this would suggest possible deletion of part of the circadian

cycle. Additionally the amplitude of these advances was larger in tau hamsters than

wild-types. The same magnitude and direction of responses has been found in the phase

response curve for neuropeptide Y and serotonin agonist (Colecchia et al., 1996), which

resembled the non-photic PRC (Biello and Mrosovsky, 1996).

The role of tau gene protein in molecular time keeping mechanism

It took 12 years from the discovery of tau mutation until the actual mapping the tau

gene. The insufficiency of genetic resources for the Syrian hamster presented a barrier to

the identification of genetic mutations in this species. The developments of new techni-

ques in genome analysis recently has allowed mapping of the tau mutation and unravel-

ling its role in molecular circadian rhythm generation (Lowrey et al., 2000). 

The molecular elements of circadian clocks show an extraordinary similarity among

such diverse organisms as cyanobacteria, plants, fruit flies, and mammals. All these clock

systems appear to consist of autoregulatory transcriptional/translational feedback loops

with positive and negative regulatory elements responsible for the rhythmic 24 h circadian

oscillation. In mammals (reviewed in King and Takahashi, 2000) the positive regulators,

CLOCK:BMAL1 heterodimers, in the nucleus bind to E-box elements in the genes enco-

ding for major genes (so-called “clock genes”): Per1, Per2, Per3, Cry1, Cry2, and Tim and

initiate transcription (Gekakis et al., 1998). The messenger RNAs are then transported to

the cytoplasm were protein products of these genes are synthesized for several hours.

After the synthesis, proteins undergo post-translational modifications, which control pro-

tein accumulation levels in the cytoplasm and heterodimerization. As heterodimers they

translocate to the nucleus, where they interact negatively with the CLOCK:BMAL1 to

inhibit further transcription of their own genes and thus close the cycle. During the cyto-
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plasmic accumulation of proteins, post-transcriptional control takes place where they are

gradually phosphorylated by a casein kinase I epsilon (CKIε). This phosphorylation is cru-

cial for the delay mechanisms between clock gene transcription and the proteins entering

the nucleus in the 24 h oscillation (reviewed in Lowrey and Takahashi, 2000). 

Lowrey et al. (2000), using parallels between species in clock elements (positional

syntenic cloning), showed that the Syrian hamster tau gene encodes for CKIε. The muta-

tion causes a single pair amino acid substitution of arginine to cysteine. The tau mutant

CKIε has a reduced maximal velocity and autophosphorylation state. As a result, in

vitro, CKIε of tau mutants phosphorylate PER proteins less efficiently than CKIε of

wild-type hamsters. In vivo, Per1 mRNA levels rise about 2 hours earlier and decline

approximately 4 hours earlier in homozygous tau hamsters compared with wild-types.

This early decline in Per1 mRNA suggest that the negative feedback phase of the circa-

dian cycle occurs earlier and as a result a 4 h reduction in the circadian period of loco-

motor activity is observed. 

In the fruit fly a gene encoding for casein kinase Iε has also been described (double-

time - dbt; Price et al., 1998). The protein encoded by dbt is closely related to mouse and

human casein kinase I (Kloss et al., 1998). In the fruit fly three mutants of the dbt gene

are known: dbts, dbtl and dbtp. The first two mutants shorten or lengthen the period of

the behavioural rhythm, which are related to phosphorylation ability of CKIε whereas

the third mutation is associated with pupal lethality in homozygous dbtp mutants. Thus,

dbt is required not only for expression of circadian rhythmicity but as well for viability.

Effects of the tau mutation on other periodicities 

The higher frequency of circadian oscillations in tau mutant hamsters has also been

found in the free-running circadian period of hormonal rhythms such as melatonin, lutei-

nizing hormone, and cortisol  (Lucas et al., 1999) as well as in physiological parameters:

body temperature and heart rate (Refinetti and Menaker, 1992; 1993). The increase in

circadian frequency did not correspond with an increase in ultradian frequencies of lutei-

nizing hormone and cortisol (Loudon et al., 1994) but it did increasebody temperature

(Refinetti, 1996a).

The circadian time keeping mechanism is crucial for reproduction in seasonally

breeding mammals. They exhibit precise discrimination of the daylength with an active

reproduction system in long-day photoperiods and regression of gonadal activity in

short-day photoperiods. These photoperiodic responses are mediated by rhythmic mela-

tonin secretion from the pineal gland, which are regulated by the circadian system

(Reiter, 1980). Since the Syrian hamster is a seasonally breeding species, the tau muta-
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tion presented an excellent opportunity to further study the role of the circadian system

in reproduction. Ten to twelve weeks after exposure to short-day photoperiod or con-

stant darkness spontaneous gonadal regression occurs in wild-type hamsters. This photo-

periodic reproductive response has been shown to occur more rapidly in tau mutant

hamsters, although the timing of testicular recrudescence was the same for both genoty-

pes (Loudon et al., 1998; but see Lucas et al., 2000). Tau mutant hamsters required a

proportionally shorter minimal photoperiod to prevent testicular regression (between 10

to 11.5 h) than the 12 h photoperiod required in wild-type animals (Stirland  et al.,

1996a; Shimomura et al., 1997). The infusion of melatonin in pinealectomized mutant

hamsters mimics photoperiodic responses in a similar manner as in wild-type hamsters,

although the response depended on frequency of infusions (Stirland et al., 1995;

1996b). These studies indicate that tau mutation alters the photoperiodic timing of

reproduction probably by altering the melatonin signals.  

Outline of the thesis

This thesis addresses the question of physiological linkage between different temporal

scales in the organisation of life. The few studies dealing with similar questions have

usually compared homozygous tau mutant strains bred separately from wild-type ham-

sters. It is likely that with the separate breeding the genetic background undergoes rapid

compensatory changes that may precisely affect the results we are after. Therefore we

only used homozygous and heterozygous tau mutants and wild-type offspring from

crossing of heterozygous parents in all experiments. This policy is time and labour con-

suming not only in maintaining the breeding colony, but also since each individual had

to be phenotypically screened as all studies were done before genotyping was made avai-

lable by study of Lowrey et al. (2000). 

The first two sections address issues related to differences in metabolism, growth,

and size among the genotypes. Chapter 2 contains the study originally leading to this the-

sis. It investigates whether there is an association between the spontaneous frequency of

circadian oscillations and the rate of metabolism. Energy metabolism reflects the physio-

logical and behavioural ‘activity’ of the whole organism and its daily variation: high

during the active phase and low during the rest phase. The oscillation correlates with

energy demands of physiological and behavioural processes such as general locomotor

activity, thermoregulation, food digestion, hormonal changes, etc. The study compares

the metabolic rates of homozygous and heterozygous tau mutant hamsters with those of

wild-type littermates. It establishes that adult mutants are smaller than wild-types and

have a higher metabolism for their size. These results in animals with similar genetic
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background contrast with those of Refinetti and Menaker (1997) who found no differen-

ce between genotypes bred in separate strains. Our results suggested that the tau gene

possibly affects not only the circadian rhythm but the rate of living in general. It also rai-

sed the possibility that the circadian cycle length itself determines the rate of metabolism.

In chapter 3 we followed the issue of circadian control over the energy expenditure

by manipulating the circadian period and assessing the potential effect on the metabolic

rate. Deuterium oxide (D2O or ‘heavy water’) is known to slow down in predictable

manner a wide range of biological rhythms in organisms from unicellulars to vertebrates

(Enright, 1971). Thus, the effect of D2O administration on circadian period and amount

of locomotor activity was assessed in wild-type hamsters and homozygote tau hamsters.

Then changes in these parameters were compared with the changes in the resting and

average daily metabolic rate. 

The three genotype of hamsters exhibited profound differences in body weight as

described in chapter 2. Adult homozygous tau mutants were lighter than wild-type ham-

sters and heterozygous tau mutants were intermediate. Since they all had heterozygous

parents the difference must be attributed to the offspring’s genotype. Since these parents

themselves were born from crossings between homozygous mutant and wild-type

parents, this provided a unique opportunity to assess not only the effect of pups own

genotype on their growth and adult size, but also the effect of the mother’s genotype.

Chapter 4 analyses the contribution of the mother’s and the pup’s tau alleles on the

pup’s rate of development. The maternal genotype effect was further evaluated in a

cross-foster design, where wild-type and homozygous mutant pups ware fostered to eit-

her wild-type or homozygous mutant dams.

The remaining sections deal with the impact of the tau mutation on periodic proces-

ses ranging from the ultradian (<1 day –1) through circadian (~ 1 day-1) to infradian

(>1 day –1). In spite of the effect on metabolism, no effect was detectable on the heart

beat frequency (chapter 5). In contrast, meal frequency turned out to be scaled up along

with the circadian rhythm and metabolism (chapter 6).

The routine assessment of the genotype of each individual hamster yielded a large

number of general and wheel-running activity records. These were exploited for a fun-

damental analysis of the precision of circadian rhythms in the three genotypes. Chapter

7 assesses how the cycle to cycle variance varies with the recording method, with the

choice of the phase marker, with sex, with the average circadian period and finally with

genotype. It addresses the intriguing U-shaped dependence of cycle-to-cycle variability

on the average period that was observed in all subsamples. The average precision is

sharply increased in wild-type compared to mutant hamsters when recorded in running
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wheels, but not when recorded via passive infrared (PIR) sensors of general movement

activity. Since the high precision of wheel running activity rhythms is probably attributa-

ble to internal feedback on the pacemaker, the effect of the tau mutation on this feed-

back may be held responsible for the difference in precision.

In rats, a 24 h oscillation in memory function has been demonstrated, with maximal

retention at 24 h intervals after a single training and suppression at non 24 h intervals

(Holloway and Wansley, 1973a, 1973b). Lesions of the suprachiasmatic nucleus elimi-

nate the 24 h memory deficits and phase shift of light-dark cycle impairs memory retrie-

val. These facts point to the possible involvement of the circadian system in periodic

memory deficits (Stephan and Kovacevic, 1978). We tested in chapter 8 whether similar

phenomena occur in the Syrian hamster and exploited the tau mutation to assess the

role of the circadian system in memory. If high retention at 24 h in wild-type hamsters

reflects the endogenous circadian periodicity, it might be expected that tau mutant ham-

sters perform better 20 h after training than after 24 h.

Arginine-vasopressin (AVP) is a neuropeptide possibly controlling much of the func-

tional output from the circadian pacemaker in the SCN (reviewed in van Esseveldt et al.,

2000). AVP plays important role as a modulator of circadian rhythm amplitude. Tau

mutant hamsters have less precise rhythms of locomotor activity, as presented in chapter

7, and in chapter 9 we investigate whether the amplitude of the AVP signal correlates

with these behavioural observations. We further analysed the number of AVP-immuno-

reactive neurons in homozygote tau mutants and wild-type hamsters and release of AVP

in vitro in organotypic slice cultures (Chapter 9).   

The torpor - arousal cycle in hibernation has a infradian frequency, with a period

ranging from 1 day to about 14 days. There has been much debate in the literature on

the question whether the circadian pacemaker continues to operate at low body tempe-

ratures during torpor and whether it controls the periodic bouts of euthermy characte-

ristics of mammalian hibernation (e.g. Hut et al., 2001a, 2001b). In chapter 10 the

timing and duration of entries into and from torpor were assessed in hamsters of the

three genotypes to test whether the torpor – arousal cycle is simply a circadian cycle slo-

wed down by low temperature. The final chapter (11) reports on the life span and survi-

val of the three genotypes of hamsters. The hypothesis that homozygote tau mutant

hamsters would live a shorter life than wild-types as result of the acceleration of the cir-

cadian cycle and/or the difference in energy expenditure among the genotypes was tes-

ted. To our great surprise, tau mutant hamsters lived significantly longer than wild-

types. Chapter 12 finally attempts a synthesis of the findings at different levels of tem-

poral organization.
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