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CHAPTER1

Introduction



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)
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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

Introduction

15



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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CHAPTER2
Metabolic rate changes proportionally to

circadian frequency in tau mutant Syrian hamsters

Malgorzata Oklejewicz1, Roelof A. Hut1, Serge Daan1,
Andrew S.I. Loudon2, Anne J. Stirland2

1 Zoological Laboratory, University of Groningen, The Netherlands
2 School of Biological Sciences, University of Manchester, U.K.

Journal of Biological Rhythms (1997) 12:413-422

The tau mutation in Syrian hamsters (Mesocricetus auratus) is phenotypically expressed
in a period of the circadian rhythm of about 20 h in homozygotes (tau -/-) and approxi-
mately 22 h in heterozygotes (tau +/-). The authors investigate whether this well-defi-
ned model for variation in circadian period exhibits associated changes in energy meta-
bolism. In hamsters of the three genotypes (tau -/-, tau +/-, and wild-type tau +/+) oxy-
gen consumption measurements were performed at 28°C (thermoneutral), 18°C and at
10°C after acclimatization. After correction for body mass homozygotes tau mutants
hamsters had higher overall metabolic rate (average oxygen consumption per hour over
24 h) as well as resting metabolic rate (the lowest 30 min. oxygen consumption in the
subjective day) than wild-types at all ambient temperatures. Heterozygotes were inter-
mediate in both after taking body mass into account. The difference between the three
genotypes indicate that the increase in metabolic rate was statistically indistinguishable
from a proportional to the increase in circadian frequency. The oxygen consumption
totals per circadian cycle (24 h for tau +/+, 22 h for tau +/-, and 20 h for tau -/-) were
not statistically different among the genotypes after correcting for body mass. The possi-
ble roles of pleiotropic effects, of linkage to genes involved in growth and metabolism,
and of early ontogenetic influences are briefly discussed.



Introduction

The freerunning period (τ) of circadian activity rhythms in homeotherms often is negati-

vely associated with the amount of activity. This holds both for spontaneous variations

between and within individuals (Aschoff, 1960) and for variations induced by particular

experimental manipulations. Thus, increasing the intensity of constant illumination sup-

presses activity and increases  in nocturnal rodents and has the reverse effect in diurnal

birds (Aschoff, 1960). Provision of a running wheel to a cage enhances activity and redu-

ces  in the Syrian hamster, Mesocricetus auratus (Aschoff et al., 1973). Activity is stimula-

ted by endocrine manipulations such as testosterone administration in castrated male

mice (Daan et al., 1975) and estradiol in female hamsters (Morin et al., 1977), treat-

ments which also reduce τ. These and other examples led Turek (1989) to suggest that

much of the variability in circadian period can be traced back to variations in the degree

of arousal as reflected in overall activity. Genetic variation offers another possibility to

address this question. In this report, we investigate whether a well defined genetic model

for variation in circadian period exhibits associated changes in energy metabolism.

The tau mutation in the Syrian hamster is a single autosomal gene defect that produ-

ces an average circadian period of 20 h in the homozygous genotype (tau -/-) and of 22

h in heterozygote genotype (tau +/-), both quite distinct from each other and from the

24 h periodicity of wild-type (tau +/+) hamsters (Ralph and Menaker, 1988). Tau has

an impact on a wide range of phenotypes in this seasonally breeding species. The fre-

quency of ultradian oscillators controlling episodic luteinizing hormone (LH) and corti-

sol secretion is increased in tau mutant hamsters (Loudon et al., 1994). Studies of the

response to photoperiod and melatonin indicate that systems involved in photoperiodic

time measurement also have been altered by the mutation. Briefly, critical night length

for testicular regression is significantly reduced in tau mutants (Stirland et al., 1996a),

and the responsiveness to melatonin signals imposed on pinealectomized animals is alte-

red. Here, tau mutants undergo testicular regression to proportionately shorter duration

melatonin signals (Stirland et al., 1995) and do not respond to signals imposed at a 24 h

frequency (Stirland et al., 1996b), implying input from the circadian axis in the interpre-

tation of sequential melatonin signals. Finally, our studies show that tau mutants exhibit

reduced growth rates compared to tau +/+ hamsters, even when genetic background

and prior photoperiod history are controlled and equivalent (R.J. Lucas, J.A. Stirland

and A.S.I. Loudon, unpublished data). Thus, the tau gene has an impact on a range of

processes including seasonal photoperiodic time measurement and growth.
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In this study, we investigated whether rate of metabolism is associated with the length of

circadian cycle. In tau +/+, tau -/-, and tau +/- hamsters with similar genetic backg-

rounds, we measured metabolic rates at 28°C, 18°C and (after acclimatization) 10°C.

From these measurements of thermoneutral (28°C) metabolic rate and thermal conduc-

tance for the three genotypes, we obtained evidence that rates of metabolism are inver-

sely proportional to circadian period.

Methods

Animals and housing conditions

Male Syrian hamsters of a similar genetic background were obtained from a breeding

colony established at the Institute of Zoology (Zoological Society of London, Regent’s

Park, London, U.K.). In brief, Charles River homozygous tau mutant (tau -/-) males

were bred with female wild-type (tau +/+) animals (Wright’s strain) to produce only

heterozygous (tau +/-) animals (F1). Crosses of F1 heterozygotes were then set-up (F1

tau +/- x F1 tau +/-) to generate experimental animals (F2) that were either homozy-

gous mutants, heterozygotes or wild-types. Animals were maintained under a light-dark

(LD) 14:10 schedule, were group-housed where possible, and were provided with food

and water ad libitum. The phenotype of males from the F2 generation was determined

by monitoring wheel-running activity under constant dim red light. 

Experimental male hamsters (ns= 16 tau +/+; 16 tau +/-; 15 tau -/-) of circa 12

weeks of age were then transferred to Haren, The Netherlands. The animals were indivi-

dually housed in cages (l x w x h: 25 x 25 x 40 cm) with open tops in two temperature-

controlled (23±0.5°C) rooms. The rooms were continuously illuminated by a dim red

incandescent light producing light intensities within the cages of below 0.5 lux (DD).

After 18 weeks in DD, animals received a long-day LD light-dark cycle of 16:8 for all tau

+/+ and 8 of the tau +/- animals and of 12:8 for all tau -/- and 8 of the tau +/- animals.

After 12 weeks in LD, hamsters (43 weeks of age) were returned to DD and the tempera-

ture in each animal room decreased by 1°C per week until 10°C was attained (Figure

2.1). Food and water were available ad libitum during the whole experiment and were

checked three times a week at random times during the day. A thin layer of wood sha-

vings was used as bedding material. Cleaning of cages and feeding and weighing of the

hamsters was performed once per week at different times during the day. 
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Activity recording

Activity was recorded in part of the cages using two methods. A total of 12 individuals

of each genotype had a cage equipped with either a running wheel (20 cm diameter)

operating a microswitch or a passive infrared motion detector (Wonderex FX-35, Optex

Inc., Torrance, CA) on top of the cage. All wheel revolutions or movement detection

(e.g. feeding, drinking) were collected in 2 min bins by PC-based event recording sys-

tem.

Metabolism

Oxygen consumption measurements were performed at 28°C (thermoneutral) on ani-

mals 14 to 16 weeks of age and were repeated at 18°C (below thermoneutral) on ham-

sters 19 to 28 weeks of age (n=47). At 54 to 59 weeks of age, measurements were repe-

ated at 10°C on 22 individuals (8 tau +/+, 8 tau +/- and 6 tau -/-) after long-term accli-

matization to this temperature. For each measurement, hamsters were individually trans-

ported from DD in a light-tight black box into the DD temperature-controlled respiro-

metry room for 48 h. Hamsters were placed in a metabolic chamber that was equipped
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Figure 2.1 Development of body mass (means ± SEMs) with age and ambient temperature in homozy-
gous mutants (tau -/-, n=15), heterozygous mutants (tau +/-, n=16), and wild-type hamsters (tau +/+,
n=16). DD = dim red light (<0.5 lux); LD = light:dark photocycle (16:8 for all tau +/+ and 8 tau +/-
, 12:8 for tau -/- and 8 tau +/-). The times of the oxygen consumption measurements are indicated by
the solid bars in the upper part of graph. Data for the second DD period are from 22 individuals (tau
+/+: n=8, tau +/-: n=8 and tau -/-: n=6).
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inside with a movement detector and a temperature sensor (± 0.1°C). During each trial,

the hamsters had food and water ad libitum and a thin layer of wood shavings as bed-

ding. Before and after measurement, the animals were weighed to the nearest 0.1 g.

After each trial, rectal temperatures were measured with an animal temperature probe

(2244-1, AMR, Holzkirchen, Germany) at ± 0.01°C accuracy.

Oxygen measurement was conducted in a six-channel open flow system. Dry out-

door air was pressed through each of the six chambers. Flow rates were measured and

controlled with a mass flow control (Brooks, Model 5850 E, Rosemount Inc.,

Veenedaal, the Netherlands) set to maintain the oxygen and carbon dioxide concentra-

tions in the outlet air above 20% and below 1%, respectively. Oxygen and carbon dioxi-

de concentrations of dried inlet and outlet air from each chamber were measured every

6 min with a zirconium oxide oxygen analyzer (S-3A/II, Ametek, Pittsburgh, PA) and an

infrared carbon dioxide gas analyzer (Binos-IR 1.2, Leybold Heraeus, Balingen,

Germany). Data were collected at 6-min intervals from each metabolic chamber separa-

tely by a computer (PC 286 AT). Oxygen consumption was calculated according the for-

mula of Hill (1972) to correct for volume changes with respiratory quotient below 1

and expressed in standard temperature and pressure.

Data analysis

Metabolic rate was expressed in three different ways. First, the average metabolic rate

per hour was calculated in milliliters oxygen . h-1 (the average over the last 24 h of the

measurement). Second, the total oxygen consumption per circadian cycle was calculated

in liters oxygen . cycle -1 (24 h for tau +/+, 22 h for tau +/- and 20 h for tau -/- ham-

sters). Third, the resting metabolic rate (RMR) was calculated in milliliters oxygen . h-1

(the lowest oxygen consumption in 30-min running mean values during the rest phase,

as indicated by simultaneous activity recording). All results are presented as means ±

standard deviation unless mentioned otherwise. Significant difference in body mass

among genotypes (categorical variable, 2 degrees of freedom) was tested by one-way

analysis of variance (ANOVA), and changes of body mass within individuals determined

by a paired t test (Sokal and Rohlf, 1995). Metabolic rates were further analyzed using

multiple regression analysis. Significance was accepted at p<0.05 (two tailed).
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Results

Body mass

Changes in body mass of hamsters during the course of the experiment are shown in

Figure 2.1. During the initial DD and subsequent LD episodes, tau +/+ animals main-

tained on average the highest body mass (initial mean mass of 131.6 ±15.0 g, n=16),

tau -/- animals maintained the lowest (106.5 ±11.5 g, n=16), and tau +/- animals were

intermediate (118.0 ±15.7 g, n=15). The average mass increases over 18 weeks in DD

were 0.47 ±1.17 g . week-1 for tau +/+ animals, 0.53 ±0.63 g . week-1 for tau +/- ani-

mals, and 0.20 ±1.09 g . week-1 for tau -/- animals. This increase was significantly

above zero only in the tau +/- animals (p<0.03, paired τ test). Further non-significant

increases were observed during the 12 weeks of LD: 0.73 ±1.02, 0.53 ±1.00, and 0.36

±0.71 g . week-1 for tau +/+, tau +/-, and tau -/- animals, respectively. Variation in

body mass at 42 weeks of age was significantly dependent on genotype (p<0.001, one-

way ANOVA).

Analysis of body mass change from age 44 weeks of age onwards was restricted to

those individuals that survived to 75 weeks of age. During the first 12 weeks of the slow

decrease in ambient temperature from 23°C downwards (1°C per week, DD), body masses

of tau +/+ (n=8), tau +/-, (n=8) and tau -/- hamsters (n=6) did not change significantly

(p>0.05, paired τ test, Figure 2.1) with tau +/+ animals exhibiting higher body mass

than tau +/- and tau -/- animals (p<0.01, one way ANOVA). At 56 weeks of age, when

the ambient temperature decreased to 11°C, body mass suddenly dropped in both tau

+/+ and tau +/- hamsters. However, after the 6th week of acclimatization to 10°C (at

about 67 weeks of age), tau +/+ and tau +/- animals resumed the body masses observed

at the beginning of acclimatization. By contrast, tau -/- animals did not change body mass

during 28 weeks of acclimatization to low temperature (p>0.05, paired τ test, n=6).

Locomotor activity

Examples of continuous running-wheel activity are shown in Figure 2.2 for one indivi-

dual from each strain. The free-running period of circadian activity (τ) was calculated

for each individual by periodogram analysis over 20 days-first between days 15 and 35

of the first DD episode, at about 16 weeks of age (τ1), and second between days 15 and

35 of the second DD episode, at 44 weeks of age (τ2). There was no apparent difference

between the calculated periods obtained from passive infrared motion detectors and

running wheels. Therefore, data were pooled for further analysis. There was a slight

tendency towards shorter circadian periods (tau +/+: τ1=23.92 ±0.28 h, τ2=23.86
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±0.10 h, n=12; tau -/-: τ1=19.88 ±0.74 h, τ2=19.90 ±0.15 h, n=10), with progres-

sion of age as is well known for tau +/+ Syrian hamsters (Pittendrigh and Daan, 1974).

The difference was significant only in the tau +/- animals (τ1=22.01 ±0.87 h,

τ2=21.42 ±0.52 h, n=9, p=0.002). However, some of the animals became arrhythmic

after respirometry measurement and in the second DD episode, especially among the

tau -/- and tau +/- genotypes.

Metabolism

Average oxygen consumption over 24 h varied from 109.7 to 369.0 ml oxygen . h-1 in

all measurements (Table 2.1). As expected, oxygen consumption increased with decre-

asing temperatures. Within each genotype, there was a clear dependence of the average

metabolic rate on body mass at each of the three temperatures (Figure 2.3A). Therefore,
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Figure 2.2 Examples of running wheel activity records from wild-types (tau +/+), heterozygous (tau
+/-), and homozygous (tau -/-) tau mutant hamsters held in dim red light (<0.5 lux). The records have
been double plotted on 24 h, 22 h and 20 h time bases, respectively. The empty rows indicate the oxy-
gen consumption measurements.
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28°C 18°C 10°C

genotype mean s.d. n mean s.d. n mean s.d. n

tau +/+ 182.1 17.6 16 214.5 32.3 16 285.7 56.2 8

tau +/- 169.3 29.3 16 198.1 32.5 16 290.4 35.2 8

tau -/- 167.1 14.1 15 195.4 29.1 15 288.8 19.1 6

Table 2.1 Average metabolic rate (oxygen consumption in milliliters oxygen . h-1) for tau +/+, tau +/-,
and tau -/- mutant Syrian hamsters at different ambient temperatures.

Figure 2.3 (A) Average metabolic rate (milliliters oxygen❘ . h-1) and (B) metabolic rate per cycle (liters
oxygen . cycle-1) plotted against body mass (grams) of wild type (tau +/+), heterozygous (tau +/-), and
homozygous (tau -/-) tau mutant hamsters at 28°C, 18°C, and 10°C.
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we tested potential genotype differences in a multiple regression model containing geno-

type, body mass and the interaction between body mass and genotype as independent

variables (Table 2.2). At each temperature, both genotype and body mass contributed sig-

nificantly to the explained variance. However, their interaction did not contribute signifi-

cantly except in the average metabolic rate at 10°C. This implies that the variations in

slopes of the regression lines on body mass per genotype may have been due to chance,

whereas the levels were significantly different. Hence, average oxygen consumption (mil-

liliters . h-1) is best approximated by the single regression coefficients given for 28°C and

18°C and genotype-specific coefficients at 10°C as presented in Table 2.2.

We further calculated the total metabolism integrated per circadian cycle (24 h for

tau +/+, 22 h for tau +/-, and 20 h for tau -/-). As Figure 2.3B shows, hamsters of the

same body mass from different genotypes appeared to have similar oxygen consumption

rates per circadian cycle. Indeed, only body mass explained a significant part of the

variance of total oxygen consumption per circadian cycle at different temperatures

(Table 2.3). There was no significant variance attributable to genotype. The regression
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28°C 18°C 10°C

dev δdev df δdf p dev δdev df δdf p dev δdev df δdf p

Null model 22405 46 46724 46 32691 21

Final model 9504 43 15874 43 6182 16

W +10825 +1 .0001 +27491 +1 .0001 +17872 +1 .0001

G +1446 +2 .05 +3596 +2 .01 +5140 +2 .01

W*G -673 -2 .20 -80 -2 .90 +3799 +2 .02

intercept slope r2 intercept slope r2 intercept slope r2

Final model l0.58 0.66 0.81

tau +/+ 28.04 1.13 7.02 1.52 -128.39 2.88

tau +/- 34.71 1.13 21.78 1.52 15.64 2.10

tau -/- 45.68 1.13 34.33 1.52 195.85 0.76

Note: dev=deviance; W=body mass; G=genotype; tau +/+ =wild-type; tau +/- =heterozygote; tau -/ = homozygote tau.

Table 2.2 Multiple regression analysis of average metabolic rates at three different temperatures. The
upper panel shows the deviance and degree of freedom of the null model with only the constant and of
the final model with all significant parameters. Changes (τ) in deviance and degrees of freedom are
given for each parameter when removed from (for significant parameters) or added to (for rejected
parameters) the final model. The lower panel shows the part of the variance explained by the final
model and coefficients of the fitted regressions for each genotype and each temperature.



coefficients for cycle metabolic rate on body mass at different ambient temperatures are

presented in Table 2.3.

The increase in the average metabolic rate in tau mutants relative to tau +/+ ham-

sters may be a consequence of an increase in activity-associated metabolism.

Alternatively, it may be due to an increase in basal metabolic rate. Therefore, we exami-

ned whether the different genotypes showed differences in resting metabolic rate

(RMR), defined as the minimal oxygen consumption in 30-min running means in the

inactive stage of animal activity (Figure 2.4). The RMR data obtained at different tem-

peratures are plotted as a function of body mass in Figure 2.5. Multiple regression ana-

lysis (Table 2.4) revealed significant contributions to the explained variance by both the

genotype and body mass at all three temperatures, but their interaction did not increase

the explained variance. The regression lines representing RMR for the three genotypes

at 28°C, 18°C, and 10°C are plotted according to the final models in Table 2.4. The tau

-/- hamsters had highest values of RMR, the tau +/+ hamsters the lowest values, and

the tau +/- hamsters were intermediate (Figure 2.5). This is the same tendency as for the

average metabolic rate.
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28°C 18°C 10°C

dev δdev df ddf p dev δdev df ddf p dev δdev df ddf p

Null model 18.94 46 35.07 46 22.94 21

Final model 5.63 45 11.06 45 5.57 20

W +4.34 +1 .0001 +24.01 +1 .0001 +17.37 +1 .0001

G -0.47 +2 .15 -0.44 +2 .40 -0.21 +2 .07

intercept slope r2 intercept slope r2 intercept slope r2

Final model 0.70 0.69 0.81

tau +/+, +/-, -/- 0.212 0.030 0.289 0.035 -0.412 0.051

Note: dev=deviance; W=body mass; G=genotype; tau +/+ =wild-type; tau +/- =heterozygote; tau -/-  = homozygote tau.

Table 2.3 Multiple regression analysis of oxygen consumption per circadian cycle at three different
temperatures. The upper panel shows the deviance and degree of freedom of the null model with only
the constant and of the final model with all significant parameters. Changes (τ) in deviance and degrees
of freedom are given for each parameter when removed from (for significant parameters) or added to
(for rejected parameters) the final model. The lower panel shows the part of the variance explained by
the final model and coefficients of the fitted regressions for each genotype and each temperature.



Thermal conductance

Rectal temperatures measured immediately after the oxygen trials varied slightly with

the ambient temperature at which the trials were conducted (28°C: 37.61 ±0.83°C,

n=47; 18°C: 36.45 ±0.92°C, n=47; 10°C: 35.64 ±0.59°C, n=12). There were neither

systematic differences between genotypes nor a significant dependence on body mass.

Thus, differences between genotypes in metabolic rate appear fully matched by differen-

ces in thermal conductance, defined as the metabolic rate divided by the difference
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Figure 2.4 Examples of metabolic rate (milliliters oxygen . h-1) of wild-type (tau +/+), heterozygote
(tau +/-), and homozygote (tau -/-) hamsters at 28°C. Solid bars indicate activity of the animal.
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Figure 2.5  The resting metabolic rate (milliliters oxygen . h-1) as function of body mass (grams) of wild-
type (tau +/+), heterozygous (tau +/-), and homozygous (tau -/-) tau mutant Syrian hamsters at 28°C,
18°C, and 10°C. The dotted, dashed and solid lines represent regression lines for tau +/+, tau +/-, and
tau -/-, respectively. 
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28°C 18°C 10°C

dev δdev df δdf p dev δdev df δdf p dev δdev df δdf p

Null model 18616 46 41764 46 22068 21

Final model 8132 43 17036 43 5738 16

W +9516 +1 .0001 +22857 +1 .0001 +15561 +1 .0001

G +1820 +2 .02 +4224 +2 .01 +7015 +2 .001

W*G -171 -2 .60 -118 -2 .80 +1590 +2 .06

intercept slope r2 intercept slope r2 intercept slope r2

Final mode 56 0.59 0.74

tau +/+ -12.3 1.06 -24.6 1.39 -34.3 1.74

tau +/- 2.0 1.06 -10.0 1.39 0.4 1.74

tau -/- 12.3 1.06 4.9 1.39 14.8 1.74

Note: dev=deviance; W=body mass; G=genotype; tau +/+ =wild-type; tau +/- =heterozygote; tau -/-  =
homozygote.

Table 2.4 Multiple regression analysis of resting metabolic rate at three different temperatures. The
upper panel shows the deviance and degree of freedom of the null model with only the constant and of
the final model with all significant parameters. Changes (τ) in deviance and degrees of freedom are
given for each parameter when removed from (for significant parameters) or added to (for rejected
parameters) the final model. The lower panel shows the part of the variance explained by the final
model and coefficients of the fitted regressions for each genotype and each temperature.



between ambient and body temperature. Scholander curves (Scholander et al., 1950a,

1950b), presented as a mean mass specific average metabolic rate at three ambient tem-

peratures, are shown in Figure 2.6. Thermal conductance was reduced at 10°C compa-

red to 18°C in all three genotypes.

Discussion

Measurements of oxygen consumption at three different temperatures showed that

homozygous tau mutant hamsters had a higher average metabolic rate and a higher

RMR than did wild-type hamsters. Heterozygous animals were found to be intermediate

in both their average metabolic rate and the resting metabolic rate after taking the

effects of body mass into account. Body mass varied markedly among the three genoty-

pes in relation to different rates of growth (Lucas et al., unpublished data), and to the

acclimatization response.

The difference in metabolism among genotypes can be expressed by estimating

RMR at thermoneutrality (28°C), where extra costs of activity and thermoregulation

are excluded, for an average 130 g hamster (i.e., in the middle of the range of body
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Figure 2.6 Average metabolic rate at three temperatures (means ±SDs.) of wild type (tau +/+), hetero-
zygote (tau +/-), and homozygote (tau -/-) mutant hamsters with indicated body temperatures. Thermal
conductance ±SDs (in milliliters oxygen . h-1 . g-1 . °C-1) at 10°C: .0770 ±.0078 (tau +/+, n=8), .0865
±.0049 (tau +/-, n=8), .093 ±.0098 (tau -/-, n=6); at 18°C: .0854 ±.0107 (tau +/+, n=16), .0928
±.0071 (tau +/-, n=16), .1005±.0065 (tau -/-, n=15).
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mass overlap). This is 125.5 ml oxygen . h-1 for tau +/+ hamsters, 139.8 ml oxygen .

h-1 for tau +/- hamsters, and 150.1 ml oxygen . h-1 for tau -/- hamsters. Thus, the aver-

age tau -/- hamster increased its RMR by about 19.6% compared to a tau +/+ hamster

of the same body mass. The decrease of 16.7% in the average circadian period of the

homozygous mutants is similar to the increase in the RMR. At the other temperatures,

similar differences in RMR were observed: 18.7% at 18°C and 26.3% at 10°C. In the

average metabolic rate, a 130 g tau -/- hamster exhibited an increase of 10.0% at 28°C,

13.3% at 18°C, and 19.8% at 10°C compared to those of a tau +/+ hamster of the

same body mass. Thus, the differences between tau -/- and tau +/+ hamsters in RMR

were slightly higher than the difference in the average metabolic rate at all ambient

temperatures.

The differences in both the average metabolic rate and the RMR between tau -/- and

tau +/+ increased at lower ambient temperatures. Body temperatures were, however,

similar for the three genotypes, in accordance with a previous report (Refinetti and

Menaker, 1992b). Thus, metabolic rate differences were not reflected in body tempera-

ture, and thermal conductance varied proportionally with metabolic rate (Figure 2.6). It

is possible that metabolic rate differences among the genotypes might be partly explaina-

ble by differences in body composition. This is particularly relevant in view of the pro-

nounced genotype-linked variations in body mass that we observed. One might surmise

that because tau +/+ hamsters on average are heavier (Figure 2.1), they may have depo-

sited more fat and thereby have reduced mass-specific metabolism compared to the tau

mutants. On the other hand, the genotype differences in metabolic rate were found after

taking body mass into account. This means that the standardized 130 g individual is at

the upper end in the body mass and fat content range for a homozygous mutant and at

the lower end for a wild-type hamster; thus, one would expect to find relatively low

metabolic rates in the mutants and high metabolic rates in the wild-type hamsters. To

resolve this issue, a dissection of the animals is needed, but that could not be done in

our current study.

The differences in oxygen consumption among the three genotypes indicate that the

metabolic rate, whether measured as RMR or average metabolic rate, increases propor-

tionally to the decrease in circadian period. From this, we predicted that metabolic rate

per circadian cycle should be the same for all three genotypes. Indeed, the total oxygen

consumption per cycle length, after taking body mass into account, was not dependent

on genotype.

We have established that two main differences in the energy balance are associated

with the tau genotype: adult body mass and metabolic rate corrected for body mass.
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There may be different causal chain of events involved in these differences. 

� Hypothesis 1: the tau allele itself may exert more general pleiotropic effects on rate 

constants besides its expression in circadian cycle length. 

� Hypothesis 2: the tau allele may be linked to other genes involved in the regulation 

of growth and metabolism.

� Hypothesis 3: there may be differences in the nutritional or endocrine situation for 

the three genotypes within litters of heterozygote crossings. 

One might imagine, for instance, that the degree of circadian synchrony between

offspring and their mothers during late gestation and lactation varies among genotypes,

and generates competitive advantages and disadvantages. It is well known that nutrition

during pregnancy exerts long-term effects on development and adult body mass, which

are even carried over into the third generation (Huck et al., 1986, 1987).

The present data do not distinguish between these hypotheses. Hypothesis 1 is the

only one that would logically account for proportionality between the tau effects on cir-

cadian frequency and metabolic rate. However, the results demonstrate only that these

two effects are statistically indistinguishable from proportionality in the samples, not

that effects are proportional on an individual basis. Therefore, it is useful to briefly

review studies dealing with rates of other biological processes in tau mutant hamsters.

In rates of mortality (M. Menaker, unpublished observations) and infradian estrous

frequency (Refinetti and Menaker, 1992a), no effects have been found. In the ultradian

frequency of LH release (Loudon et al., 1994) and the rates of DD induced gonadal

regression and recrudescence, similar increases to those reported here for metabolic rate

were observed (A. I. S. Loudon, J. A. Stirland, and R. J. Lucas, unpublished observa-

tion). Addressing a related question, Refinetti and Menaker (1993) investigated heart

rate in hamster tau mutants. They did not observe any systematic dependence of heart

rate on genotype. This result is unexpected if the animals they used would vary in meta-

bolic rate along the same lines as in the present report. There is, however, one impor-

tant methodological distinction between the two studies: whereas their studies compare

mutants from an inbred strain with a commercial wild-type stock, all our animals were

produced by crossing of heterozygous F1 and thus had a similar genetic background. If

the tau allele has general effects on growth and metabolism, then it may well affect

general viability, which during inbreeding would lead to selective compensatory changes

in other genomic characteristics. The absence of differences in size and growth rate -

which were so clearly expressed in our animals - in other studies on the tau mutant (e.g.,

Refinetti and Menaker, 1992a, 1992b, 1993) attests to the potential importance of bree-

ding methods.
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In conclusion, our data have demonstrated an unexpected effect of the tau mutation

on energy metabolism. Despite the differences in the length of circadian cycle, the rates

of metabolism expressed per cycle appear to be the same. It remains to be determined

whether time differences are attributable to an impact on timing processes other than

circadian rhythms and whether the tau mutation may be further exploited as a tool to

investigate the relationship between periodic and nonperiodic phenomena in different

time domains.
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CHAPTER3
Effect of deuterium on the circadian period and

metabolism in wild-type and tau mutant Syrian hamsters

Malgorzata Oklejewicz, Roelof A. Hut, Serge Daan

Zoological Laboratory, University of Groningen, The Netherlands

Physiology & Behavior (2000) 71:689-74

Homozygous tau mutant Syrian hamsters (tau -/-) have a free-running circadian period
(τ) around 20 h and a proportionally higher metabolic rate compared with wild-type
hamsters (tau +/+) with a period of circa 24 h. In this study, we applied deuterium
oxide (D2O) to hamsters to test whether deuteration affects the circadian period of loco-
motor activity and metabolic rate in both genotypes. Running wheel activity and the
metabolic rate were measured in constant illumination before, during, and after admini-
stration of 25% deuterium in drinking water. Wild-type hamsters lengthened their circa-
dian period by 1.19 h (SD=0.29 h) due to D2O application and tau -/- hamsters by 1.20
h (SD=0.39 h). Deuteration changed neither the amount of activity nor the duration of
activity phase (τ) in either genotype. The mass specific average metabolic rate (the oxy-
gen consumption over 24 h) and the mass specific resting metabolic rate did not differ
during deuteration compared with non-deuteration conditions for either genotype. Both
with and without D2O, tau -/- hamsters had higher metabolic rates than tau +/+ ham-
sters. There was no correlation between changes in the circadian period of locomotor
activity and metabolic rates caused by D2O.



Introduction

Deuterium oxide (heavy water, D2O) consistently and predictably slows down biological

rhythms in unicellulars (Bruce and Pittendrigh, 1960), plants (Thomson, 1963), inverte-

brates (Caldarola and Pittendrigh, 1974; Enright, 1971; Thomson, 1963), and vertebra-

tes (Dowse and Palmer, 1972; Fitzgerald et al., 1978; Logothetis et al., 1984; Suter and

Rawson, 1968). It affects in similar manner rhythms with a wide range of periods, from

electric-organ discharge rhythms in the gymnotid fish, Stenarchus albifrons, with periods

measured in milliseconds (Enright, 1971), up to circadian rhythms, with periods scaled

in hours (Daan and Pittendrigh, 1976; Richter, 1977). So far, only one exception from

that general effect of heavy water has been found. The ultradian rhythm of feeding and

locomotor activity (period 2-3h) in the common vole (Microtus arvalis) is unaffected by

administration of 25% deuterium in drinking water (Gerkema et al., 1993). Except for

one early study reporting increased metabolic rates as a consequence of high levels of

deuteration in mice (Thomson, 1963), there seems to be no evidence for effects of deu-

terium on metabolism.

In the last decade numerous genetic mutants affecting the circadian system have been

found. In Syrian hamsters homozygote tau mutants have a circadian period circa 4 hours

shorter than wild-type hamsters with a period of approximately 24 h (Ralph and

Menaker, 1988). In addition, the tau mutation affects several other physiological para-

meters, such as metabolism and growth rate. Average metabolic rate measured over 24 h

is inversely proportional to the circadian period in wild-type, heterozygous, and homo-

zygous tau mutant hamsters (Oklejewicz et al., 1997). In other words, the amount of

oxygen consumption per circadian cycle (24 h for tau +/+, 22 h for tau +/-, and 20 h

in tau -/-) is indistinguishable among the three genotypes. This finding, although not

replicated in an other study (Refinetti and Menaker, 1997), suggests that the rate of the

circadian system may dictate overall metabolic rate. Alternatively, pleiotropic effects of

the tau mutation may have caused both shortening of the circadian period and an incre-

ase in metabolic rate. To distinguish between these two alternatives it would be illumi-

nating to experimentally modify circadian period and measure a possible effect on meta-

bolic rate. In this study, we lengthened the circadian period of locomotor activity in

Syrian hamsters by administration of D2O via the drinking water (Daan and Pittendrigh,

1976; Richter, 1977). Changes in metabolism and activity under D2O application were

determined for both wild-type and homozygote tau mutant hamsters. We report that

metabolic rate is unaffected by deuterium in spite of its pronounced effect on circadian

period in both genotypes. The study further enabled us to replicate the comparison of
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metabolic rates in both genotypes, which had yielded conflicting results (Oklejewicz et

al., 1997; Refinetti and Menaker, 1997). 

Methods

Animals and housing conditions

Male Syrian hamsters, Mesocricetus auratus, age 8-13 weeks from a breeding colony

maintained at the Zoological Laboratory, Haren and derived from a breeding stock in

the Institute of Zoology (Zoological Society of London, Prof. A.S.I. Loudon) were used.

Wild-type (tau +/+) and homozygous tau mutant (tau -/-) hamsters (F2 generation)

were bred from heterozygous parents (F1 generation) under constant illumination. The

phenotype of hamsters from the F2 generation was determined by monitoring wheel

running activity under constant dim red light. Experimental hamsters, 10 tau +/+ with

body weight range from 94.0g to 139.6g and 10 tau -/- males, with body weight range

from 72.1g to 118.2g, were individually housed in cages (l x w x h: 25 x 25 x 40 cm)

with open tops in a temperature-controlled (23±0.5°C) room. The room was conti-

nuously illuminated by dim red incandescent light producing light intensities lower than

0.5 lux (DD). 

Experimental protocol

Wheel running activity was recorded automatically by a PC-based event recording sys-

tem (ERS) in 2-min bins for at least 10 days in each of three conditions: (1) before deu-

teration, (2) during D2O administration, and (3) after deuterium removal. At the end of

each condition, oxygen consumption and CO2 production were measured for about 36

hours by indirect calorimetry in an open flow system (for details see (Oklejewicz et al.,

1997). For this purpose, hamsters were placed in metabolic cages (l x w x h: 35 x 25 x

25 cm) equipped with a passive infrared motion detector and an air temperature sensor.

After return to their home cages, the drinking water was replaced by a 25% solution of

deuterium oxide (D2O) until all animals showed a stable circadian period (Daan and

Pittendrigh, 1976), then metabolic rates were measured under deuterium. Finally, ham-

sters were returned to their home cages and supplied with normal tap water. Running

wheel activity was monitored to establish reversible period change. All metabolism

measurements were performed at 23±0.5°C ambient temperature with food and water

ad libitum and in constant dim red light (about 0.5 lux).  
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Data analysis 

The significance of the circadian period (τ) in locomotor activity was calculated by chi-

square periodogram time series analysis (Sokolove and Bushel, 1978) over episodes

when circadian activity rhythms were stable. For each individual, the period of free-run-

ning circadian activity rhythm was calculated for three conditions: (1) prior to applying

deuterium (τ1,H2O), (2) during deuteration (τ2,D2O), and (3) after withdrawal of deuteri-

um (τ3,H2O). The average number of wheel revolutions per 24h and the activity phase

(α) were calculated over the last 5 days in each condition. The duration of the activity

phase of a circadian cycle was determined as time between onset and offset of activity

which were defined as the upward crossing between a 6 h and a 24 h running mean of

the original activity counts (Meerlo et al., 1997). Metabolic rate was calculated as the

average oxygen consumption over 24 h (Average Metabolic Rate; AMR; ml . h-1 . g-1 )

and resting metabolic rate (RMR; ml . h-1 . g-1 ) as the lowest oxygen consumption in

30-min running mean values during the rest phase. All data are presented as means ±

standard deviations unless mentioned otherwise. Differences between the two genotypes

and three treatments were tested for statistical significance by two-way repeated meas-

ure analysis of variance and post-hoc Tukey test (Sokal and Rohlf, 1995). The Pearson

product-moment correlation coefficient was computed to test the linear correlation

between the circadian period and metabolic rates changes; significance was accepted at

p<0.05 (two-tailed).

Results

The circadian period

Figure 3.1 illustrates the effect of D2O on the free-running circadian rhythm of running

wheel activity in tau +/+ and tau -/- hamsters. A marked increase in circadian period (τ)

was observed after 3-4 circadian cycles of deuterium administration. The rhythms gra-

dually returned to the original free-running periods after withdrawal of D2O. The

period of the free-running rhythm did not differ before deuteration and after D2O

removal, for both tau +/+ and tau -/- hamsters (p=0.2, Table 3.1). As shown in Figure

3.2, all individuals responded to D2O treatment with lengthening of the circadian

period. Overall,  τ lengthened by 1.19 ±0.29h in tau +/+ hamsters compared with pre-

deuteration treatment and by 1.20 ±0.39h in tau -/- hamsters, p<0.001. The relative

increase in period length caused by 25% D2O in tau +/+ hamsters was 5.01±1.16% of
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Figure 3.1 Examples of running wheel activity recordings for (A) wild-type (tau +/+; 24 h double plot)
and (B) homozygous tau mutant (tau -/-; 20 h double plot) Syrian hamsters before, during, and after
D2O administration. Grey rows without activity indicate the oxygen consumption measurements.
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Condition τ RW activity α AMR RMR 

(h) (1000 revs . d-1) (h.. d-1) (mlO2 . h-1 . g-1) (mlO2 . h-1 . g-1)

tau +/+ (1) H2O 23.8 (0.1) 15.80 (2.36) 9.7 (0.5) 1.70(0.07) 1.29 (0.06)

(2) D2O 25.0 (0.2)* 12.83 (2.77) 10.4 (0.5) 1.74 (0.06) 1.40 (0.05)*

(3) H2O 24.0 (0.2) 10.93 (2.33 ) 10.4 (0.5) 1.69 (0.07) 1.34 (0.06)

tau -/- (1) H2O 20.2 (0.2) 18.88 (3.50) 8.7 (0.2) 1.99 (0.07) 1.57 (0.08)

(2) D2O 21.4 (0.1)* 17.43  (2.60) 9.5 (0.4)* 1.99 (0.07) 1.53 (0.05)

(3) H2O 20.3 (0.2) 16.91 (2.42) 9.7 (0.3) 1.89(0.06) 1.49 (0.06)

*significance at p<0.05, see text for details.

Table 3.1 The average (SEM) of the circadian period (τ), number of wheel running revolutions (RW
activity), duration of activity phase (α), the average metabolic rate (AMR), and the resting metabolic
rate (RMR)  (1) before, (2) during, and (3) after deuteration for wild-type (tau +/+) and tau mutant
(tau -/-) hamsters.



pre-deuteration period and 5.96±1.97% in mutants. There was no interaction between

genotype and D2O treatment (F(2,17)=0.30, p=0.7).

Locomotor activity

The amount of activity and the duration of activity (α) in three conditions did not differ

between the genotypes (see Table 3.1). Wild-type and mutant hamsters had neither sig-

nificantly different number of wheel revolutions per 24h (F(1,18)=1.69, p=0.2) nor a

different number of active hours per circadian cycle (F(1,18)=2.48, p=0.13). Heavy

water had no effect on activity, but the number of wheel revolutions declined from pre-

to post-deuteration conditions (F(2,17)=3.61, p=0.04). The activity time was not affec-

ted by D2O, F(2,17)=2.63, p=0.09. The interaction between genotype and treatment

was not significant for the amount of activity F(2,17)=3.61, p=0.5 and activity time

F(2,17)=0.10, p=0.9.

Metabolic rate

The average daily oxygen consumption (AMR) did not vary systematically with condi-

tion: pre-deuteration, during deuterium uptake, and post-deuteration (F(2,17)=1.89,

p=0.2; Table 3.1). There was a strong effect of the genotype, tau -/- hamsters had a hig-

her AMR than tau +/+ animals (F(1,18)=8.71, p=0.009). Both genotypes had a similar

response to deuterium in AMR since there was no interaction between treatment and

genotype (F(2,17)=0.56, p=0.6). No correlation between the changes in period and

AMR was found (r= -0.17, p=0.5, Fig. 3A). 
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Figure 3.2 The circadian period before, during, and after 25% deuterium administration plotted for all
(A) wild-type and (B) tau mutant hamsters.
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We calculated metabolic rate during the resting phase (RMR) to assess potential

changes in the non-activity associated metabolism elicited by deuterium administration.

Wild-type hamsters indeed slightly increased their resting metabolic rate during D2O

administration (p=0.02, paired t-test), but tau -/- had no significant change in RMR

(p=0.4, paired t-test, Table 3.1). Mutant hamsters had a higher resting metabolic rate

than tau +/+ hamsters (F(1,18)=6.04, p=0.02). No correlation was found between

change in RMR and period (r= -0.16; p=0.5; Figure 3.3B). 

The association between circadian period and metabolic rate found earlier by compa-

ring hamster genotypes may lead to the prediction of a 1:1 relationship between indu-

ced changes in  and in AMR (or RMR). This prediction has been included in both panels

of figure 3.3 as dotted lines. Most of the observed points in these graphs are located

above these lines. Indeed, the observed values for changes in AMR with the correspon-

ding changes in the circadian period differ significantly from those expected (t=4.11,

df=19, p=0.004) and similar, for changes in RMR, t=3.30, df=19, p=0.0006 (paired

t-test).
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Figure 3.3 (A) Changes in the average metabolic rate (dAMR) and (B) the resting metabolic rate
(dRMR) plotted against changes in free-running circadian period caused by 25% D2O administration
for wild-type (tau +/+) and tau mutant (tau -/-) Syrian hamsters. Dotted lines represent the expected
linear relationship between period change and metabolic rate change derived from data in (Oklejewicz
et al., 1997) for the average body weight of 117g in tau +/+ hamsters and 97g in tau -/- hamsters.
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Discussion

Deuterium oxide lengthened the free-running period of locomotor activity in wild-type

and homozygotes tau mutant hamsters regardless of their genotype specific endogenous

circadian periods. Daan and Pittendrigh (1976) reported that the relative increase in the

circadian period induced by 20% of D2O in the drinking water of Mesocricetus auratus

was 3.8%. Our results showed, on average, a 5.5% increase of the free-running period

in tau +/+ and tau -/- hamsters with 25% deuterium enriched drinking water. Part of

the difference between results can be accounted for dose dependent effects of D2O. The

response to D2O administration, measured as the relative circadian period change, has

been found independent of the pre-deuteration period (Daan and Pittendrigh, 1976;

Fitzgerald et al., 1978). This is consistent with the present results where genotype did

not affect the relative increase in the circadian period length due to deuteration.

The tau mutation in Syrian hamsters has its analogue in mutations of the per gene in

Drosophila melanogaster, which either lengthen or shorten the circadian period in loco-

motor activity and eclosion rhythm. Administration of heavy water in per mutants yiel-

ded the same period changes in different per phenotypes (White et al., 1992), which is

consistent with the present results in hamsters.

The recent demonstration that the tau locus encodes for CKIε (casein kinase I epsi-

lon), a critical component of the mammalian circadian clock (Lowrey et al., 2000), adds

considerable interest to our study. CKIε is involved in the phosphorylation of PER pro-

tein, which is a part of the negative feedback signal loop, essential for expression of cir-

cadian rhythmicity (Kume et al., 1999). The change in velocity and autophosphorylation

stage of CKIε in tau -/- hamsters results in an earlier inactivation of per gene, which pro-

bably speeds up the circadian cycle. Activity records suggest that the subjective day is

considerably shorter in tau -/- compared with tau +/+ (Table 3.1 and Osiel et al.,

1998). If deuterium would act specifically on the physiological process affected by CKIε
then deuterium would be predicted to have a different effect on τ in tau -/- hamsters

than in tau +/+.  Deuterium did not differentially affect circadian cycle length in the

two genotypes, which suggests no differential action of deuterium on CKIε related parts

of the circadian cycle.

Hayes and Palmer (1976) demonstrated a negative correlation between the amount

of locomotor activity and the concentration of deuterium in Mus musculus. In hamsters,

we observed no change in amount or duration of activity during deuteration. Another

study in Syrian hamsters (Lesauter and Silver, 1993) also showed that D2O (10%) in the

drinking water had no effect on the amount of locomotor activity. It is possible, that
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discrepancies between these studies reflect inter-specific differences in the response to

the deuterium administration.

Unexpectedly, deuteration had no effect on average or resting metabolic rate in both

genotypes. This is consistent with the absence of a deuterium effect on both amount and

duration of activity. Since the duration of activity did not change, deuteration lengthe-

ned the non-active phase of the daily cycle, however, no changes in RMR were obser-

ved. These findings are in line with those of Richter (1977) who showed that up to 50%

of deuterium ingested for as long as 20 days did not affect food intake in Syrian ham-

ster, which indicates that metabolic rates in his study were not affected either. 

Barbour (1937, cited in Thomson, 1963) has shown that the application of 40% of

deuterium in the drinking water in mice increased metabolic rate to nearly 20% above

normal when about one-fifth of the body water has been replaced by D2O. This concen-

tration must have exceeded the D2O level in the body fluids reached by our hamsters.

Daan and Pittendrigh (1976) reported about 10% D2O enrichment in serum after 12

days of 20% deuterium in the drinking water in Syrian hamsters. Hence most likely

serum levels in our hamsters have been in the order of 10-15%. Yet, a significant increa-

se was only observed in RMR in wild types (8.5%), not in the mutants and not in the

AMR of either genotype. Again, we may invoke species differences between mice and

hamsters. It is also possible that the increase in metabolism in Barbour’s mice has been

caused by a toxic effect of 40% deuterium consumption (Hayes and Palmer, 1976). 

The tau mutant carries a mutation of the primary circadian pacemaker since after a

lesion of the suprachiasmatic nuclei (SCN), the main circadian oscillator in mammals,

the rhythm can be restored by the SCN transplantation from an animal carrying a diffe-

rent allele, with the donor’s allele determining the restored circadian period (Ralph et

al., 1990). We have earlier reported that the tau mutant differs not only in circadian

period but also shows a higher overall metabolic rate (Oklejewicz et al., 1997). Our new

data confirm these differences. It is not certain whether the tau allele acts directly on

metabolic rate, for instance by possible pleiotropic effects, or rather has an indirect

effect by shortening the period of circadian oscillator. Pleiotropic effects may not be

surprising given the widespread occurrence of clock genes in tissues outside of the SCN

(Balsalobre et al., 1998). This study attempted to distinguish between these two hypo-

theses by changing the period of circadian pacemaker via administration of deuterium

(Lesauter and Silver, 1993). The results did not confirm the expected relationship

between change in period and metabolism (see Figure 3.3). It is thus unlikely that the

effect of the tau mutation on overall metabolic rate is exerted via the circadian period.

Application of D2O has no effect on metabolism despite a clear effect on the circadian
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period. However, we can not exclude the possibility that deuterium might decrease

metabolism through its retarding action on the circadian system, while at the same time,

by an other pathway, it increases metabolism, with both effects cancelling each other. 
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CHAPTER4
Maternal and pup genotype contribution to growth

in wild-type and tau mutant Syrian hamsters
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The single gene mutation tau in the Syrian hamster – apart from its effect on the circa-
dian organization of locomotor activity – has a pronounced influence on body weight.
In this study we investigate the impact of maternal and pup genotypes at the tau-locus
on the growth rate of pups. Homozygous tau mutant hamsters (circadian period of 20
h) had lower growth rates and adult body weights than wild-type hamsters, whereas
heterozygous tau mutants (circadian period of 22 h) were intermediate. In addition,
heterozygous pups from heterozygous dams grew heavier than these from wild type and
homozygous dams. The effect of maternal genotype was further evaluated in a cross-foster
design, where wild-type and homozygous mutant pups were fostered at birth to either
wild-type or homozygous mutant dams. At all ages the maternal tau genotype had a
negative effect on body weight whereas the pup tau genotype had a positive effect
during the pre-weaning period and a negative effect afterward. 



Introduction

Body size variation has both heritable genetic and environmental non genetic compo-

nents. In mammals non-genetic factors during development may play a major role in

determining adult body weight: food shortage during prenatal and/or postnatal growth

is an environmental factor commonly associated with a reduction in body size (Borer et

al., 1979; review in Desai and Hales, 1997; Wilson and Osbourn, 1959). In Syrian ham-

sters, for example, food restriction early in life affects pup growth and sex ratio and

these effects can persist into the third generation (Huck et al., 1986, 1987). 

Little is known about the precise genetic contributions to growth. The mother-

daughter correlation in size, often used to estimate heritability, may be misleading

because maternal phenotype determines the early environment of the pup, and thus con-

tributes to this correlation via non-genetic inheritance. Genetic variations are often poly-

genic (Atchley, 1984; Atchley and Newman, 1989; Kirkpatrick, 1989) and difficult to

detect. The difficulty of experimentally attacking the problem of gene regulation in

polygenic traits impedes our understanding of the contribution of maternal inheritance,

which may occur through cytoplasmic or physiological factors in development.  

In Syrian hamsters, a natural single-locus, non-lethal mutation of the circadian sys-

tem has been bred (Ralph and Menaker, 1988). It has been extensively used to unravel

the circadian control over behaviour and physiology (Stirland et al., 1996a, 1996b;

Loudon et al., 1994; 1998; Hurd and Ralph, 1998; Oklejewicz et al., 2001a, 2001b). In

addition to its effect on the circadian cycle length tau also has major effect on adult

body weight (Oklejewicz et al., 1997; Lucas et al., 2000). Adult homozygote mutants

have circa 20% lower body mass than wild types, whereas the reduction is 10% in hete-

rozygotes. Because the genotype of mothers and offspring can be unequivocally assessed

from the circadian phenotype, the mutant offers an excellent opportunity to evaluate

the contributions of maternal and pup genotypes to growth and adult body weight. In

the present, paper we analyze these contributions first by comparing heterozygote

offspring from homozygote mutant and wild-type mothers, and then by comparing

homozygote and heterozygote offspring from heterozygote mothers. Maternal factors

operating after weaning were further evaluated in cross-foster experiments in which pup

genotype as well as litter size was controlled.
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Materials and methods

Animals and housing

Syrian hamsters (Mesocricetus auratus) were obtained from a breeding colony establish-

ed at the Zoological Laboratory, Haren, The Netherlands. Their ancestors were derived

from a breeding stock at the Institute of Zoology (Zoological Society of London, Prof.

A.S.I. Loudon) where Charles River homozygote tau mutants males were bred with

wild-type females (Wright’s strain). Our original breeding stock consisted of 20 pairs

(20 wild-type and 20 homozygote tau mutant hamsters). Experimental hamsters were

the second to fifth generation from the original stock and all from crosses of heterozy-

gous tau mutant (tau +/-) hamsters, with litters consisting of wild-type (tau +/+), tau

+/-, and homozygous tau hamsters (tau -/-). Measuring wheel-running activity in con-

stant dim red light assessed the phenotypes (period of circadian rhythm) of the F2 gene-

ration. Hamsters were housed in Plexiglas cages 40 x 24 x 15 cm lined with wood sha-

vings and provided with ad libitum laboratory rodent chow (standard Hope farm® pel-

lets) and tap water. The breeding room was maintained at a long day photoperiod (LD

16 : 8) and ambient temperature of 23 ± 2°C.

Three genotypes pups born to heterozygous dams

To create three genotypes of hamsters, heterozygous tau mutant nulliparous females

(n=25) at the age of about 12 weeks were paired with heterozygous tau mutant males.

Females were checked twice daily for new-born litters 16 days after mating. At the day

of parturition (day 0) pups were marked individually with a waterproof pen, sexed, and

weighed. All pups were weighed every second day till 30 days of age and then once per

week for the next 12 weeks. The litter size at the day of weaning, at 28 days, varied

from 4 to 13 pups. After weaning, male and female pups were separated and their cir-

cadian activity rhythm was recorded for at least one week. Twenty five litters consisting

of 119 female and 101 males in total were analyzed. The average proportion of tau

+/+, tau +/-, and tau -/- were 0.13 : 0.20 : 0.12 in males and 0.14 : 0.33 : 0.08 in

females.

Heterozygous pups born to dams of three genotypes

Crosses of three genotype females were performed to produce heterozygote pups.

Wild-type females were paired with tau -/- males, tau -/- females with tau +/+ males

and tau +/- females with tau +/- males hamsters. All females were nulliparous, at ages

of 12 to 15 weeks at the day of mating. They produced in total 104 tau +/- male pups.

Growth and adult body weight
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All pups were sexed and marked at day 0, then weighed every second day untill the age

of 30 days of age and then once per week for next 12 weeks. 

Cross-fostered wild-type and tau mutants pups

The estrous cycles of homozygote wild-type and tau -/- females (Ward Orsini, 1961)

were monitored to ensure that all pups were born at the same day. On the proestrous

day a male and a female hamster were placed together in the cage and allowed to copu-

late for the next 12 to 16 h. From day 16 onward, pregnant females were checked twice

daily for new-born litters and within 12 hours after parturition litters were reduced to 7

pups and fostered. Litters were in fostered within genotype and cross-fostered between

genotypes. Six tau +/+ litters were fostered with tau +/+ dams and seven tau +/+ lit-

ters with tau -/- mutant dams. Seven tau -/- litters were fostered with tau -/- dams and

five with tau +/+ dams. All pups were weighed individually every second day until they

were weaned at 30 days of age and then every fifth day for the next 12 weeks.

Data analysis

We used a hierarchical linear modeling approach (HLM; Bryk and Raudenbush 1987;

1992) to model growth and to test specific hypotheses. HLM models are regression

models designed for data with a hierarchical structure. In our data set, there are three

hierarchical levels of analysis: repeated measures (level 1) are nested within individual

pups (level 2), which in turn are nested within litters of siblings (level 3). HLM models

take the nested data structure into account by specifying a random error term for each

level in the data. Similar models are also known as mixed or random effects models.

Growth was modeled as follows: let Ytij represent the body weight at age t of pup i

in litter j, then

Ytij = µij + υj + ∑kßktxk (1)

where µij represents the random effect of individual i in litter j, υj the random effect of

litter j, ß0t a time-dependent constant, and the ßkt the time-dependent fixed effects of

independent variables xk. The random effects µij and υj are assumed to be normally dis-

tributed according to, respectively, N(0,σ2I) and N(0,σ2L), where σ2I denotes the within-

litter between-individual random variance and σ2L the between-litter random variance.

Maximum likelihood estimates of parameters were obtained by means of an iterated

least-squares procedure in the program MLWin (Goldstein et al., 1998).

Statistical tests were carried out as follows. Single fixed-effect parameters were tested

against the null hypothesis of zero by comparing the ratio of parameter estimate and

Chapter 4

50



standard error with a standard normal distribution (z-test). To test for significance of

interactions with age, log-likelihood ratio (LLR) tests were used (e.g. McCullagh and

Nelder, 1983). In an LRR test the deviancies (minus two times the log-likelihood) of

two models are compared: the deviance Dx of a model which includes all time-depen-

dent effects of independent variable X (that is, the age*X interaction) and the deviance

D0 of a model without the independent variable X. The difference in deviance D = Dx -

D0 is approximately distributed according to a X2n distribution with degrees of freedom

equal to n = number of time-points times the number of categories in X-1.

Results

General characteristics of the three genotypes

The three genotypes dams did not differ significantly either in pre-mating body mass

(p=0.2, one-way ANOVA) nor in litter size (p=0.8, Table 4.1). Litters of the three

genotype females consisted of a similar number of sons and daughters (p=0.6, one-way

ANOVA, Table 4.1). Overall, we found a positive correlation between litter size and sex

ratio, the larger litters had a higher proportion of males (r2=0.35, p=0.03). Body mass

of dams were not correlated with the litter size (r2=0.23, p=0.15). 

Growth of three genotypes pups born to heterozygous dams

The average body mass of three genotype hamsters is presented in figure 4.1A as a func-

tion of age. Homozygous tau mutant hamsters had the lowest body weights, wild-types

were heaviest, and heterozygous mutants were intermediate. Genotype, sex, litter size,

and maternal body weight before mating all contributed significantly to the final model

(Table 4.2). Body weight of the pups of the three genotypes was negatively correlated

with litter size and showed a positive correlation with pre-mating maternal weight. The
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parental genotype Maternal offspring genotypes
mother father body mass litter size sex ratio +/+ +/- -/-

+/+ -/- 104.6 (4.6) 8.4 (1.1) 0.46 (0.05) 0 1 0

-/- +/+ 102.5 (5.0) 9.1 (0.6) 0.51 (0.07) 0 1 0

+/- +/- 96.4 (2.2) 9.1 (0.5) 0.43 (0.04) 0.27 0.53 0.20

Table 4.1 Maternal body mass, litter size, sex ratio, and the ratio of offspring tau genotypes for
crossings of the three genotype female with three genotype males (F1 and F2 generation).



estimated effect of genotype and sex during growth are graphically presented in figure

4.1B. The lines for tau +/- and tau -/- represent the difference in body weight between

wild-type hamsters and two mutant genotypes, where the effects of litter sizes and

maternal body weight on individual growth are included. The significance lines are esti-

mated as standard errors of parameters for two genotypes multiplied by critical Z-value

(see methods) from the final model. The genotype effect is clearly present throughout

the early and late postnatal growth in mutant genotypes compared with wild-type pups.

The effect in tau -/- body weights occurred until 14 days of age and continued the signi-

ficant decrease from around weaning age (26 days). In tau +/- pups there was no signifi-

cant effect in body weight before weaning, the significant effect occurred after 28 days
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Figure 4.1 (A) Body weight in three genotypes hamsters: wild-types (tau +/+), heterozygous (tau +/-),
and homozygous tau mutant (tau -/-) from F2 generation. (B) Estimated mean differences in body
weight development of tau +/+ hamsters compared with tau +/- and tau -/- mutants. The effect (g) is
the difference between the average growth curve of tau +/+ hamster (effect=0) and two other genoty-
pes, estimated by HLM analysis including the litter size and dam body weight effect. The effect of sex is
presented as the difference between females (effect=0) and males. 
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estimate (SE)

Null model

variance litter level σ2
L 2180.95 (121.50)

variance individual level σ2
I 77.83 (1.55)

Deviance 44691.88

Final model ∆ df ∆ deviance P

Fixed effects

age 26 2440.66

pup genotype*age 52 732.81 <0.0001

sex*age 26 90.88 <0.0001

litter size -1.14 (0.11) 1 93.94 <0.0001

dams body weight  0.11 (0.02) 1 21.34 <0.0001

Random effects

variance litter level σ2
L 30.82 (2.17)

variance individual level σ2
I 66.95 (1.33)

Deviance 41312.25

Table 4.2 A hierarchical linear model describing body weight development in three genotypes (F2
generation) of hamsters. The null model represents the total variance in the sample and the final model
contains all variables, which gave a significant contribution to the model. 

estimate (SE)

Null model

variance litter level σ2
L 2071.02 (98.29)

variance individual level σ2
I 70.71 (2.08)

Deviance 22258.61

Final model ∆ df ∆ deviance P

Fixed effects

age 26 2827.53

dams genotype*age 52 224.01 <0.0001

litter size -0.977 (0.128) 1 57.12 <0.0001

Random effects

variance litter level σ2
L 36.994 (3.005)

variance individual level σ2
I 62.334 (2.101)

Deviance 19149.95

Table 4.3 A hierarchical linear model describing body weight development in heterozygous mutant
hamster and three dam genotypes (F1 generation). The null model represents the total variance in the
sample and the final model contains all variables, which gave a significant contribution to the model.



of age. Female hamsters became heavier than males around ag 60 days, which corre-

sponds with the onset of sexual maturity. 

Growth of heterozygote pups from three genotype dams

Growth of the heterozygous hamsters (tau +/-) was compared between unmanipulated

litters nursed by natural dams of three genotypes (Figure 4.2). Litters from tau +/+ and

tau -/- dams consisted only of tau +/- pups whereas litters from tau +/- dams had about

half of tau +/- pups within litters (Table 4.1). The genotype of dams and litter size were

the only significant variables in the final model, the body weight of dams did not add

significantly to the explained variance (∆ in deviance 0.31, p=0.58, Table 4.3). Pups

from tau +/- dams were heavier than pups from tau +/+ and tau -/- dams. The differen-

ce between pups from tau +/+ and tau /+ become significant around day 60, between

tau +/+ and tau-/- dams around day 100 (Figure 4.3). 
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Figure 4.2 Body weight development (A) and growth rate (B) in heterozygous (tau +/-) hamsters nur-
sed by three genotype dams: wild-types (tau +/+), heterozygous (tau +/-), and homozygous tau mutant
(tau -/-).  
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Figure 4.3 Estimated mean differences in body weight of heterozygous (tau +/-) hamsters nursed by
wild-type (tau +/+) dams in contrast to heterozygous (tau +/-) and homozygous tau mutant (tau -/-)
dams. The effect in growth (g) is the difference between the average growth curve of heterozygous
hamsters nursed by wild-type dams (effect=0) and two other genotypes, estimated by HLM analysis
including the litter size effect.
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estimate (SE)

Null model

variance litter level σ2
L 2233.35 (112.56)

variance individual level σ2
I 117.41 (2.48)

Deviance 44017.09

Final model ∆ df ∆ deviance P

Fixed effects

age 32 2981.75

pup genotype*age 32 53.60 <0.01

dam genotype*age 32 190.69 <0.0001

pup genotype*dam genotype*age 32 21.52 0.92

Random effects

variance litter level σ2
L 22.41 (2.04)

variance individual level σ2
I 117.23 (2.48)

Deviance 40791.06

Table 4.4 A hierarchical linear model describing body weight in wild-type and homozygous mutant
hamsters fostered to wild-type and/or homozygous mutant dams. The null model represents the total
variance in the sample and the final model contains variables, which gave a significant contribution to
the model. Also the rejected interaction between pup and dam genotypes is also presented.  



Similar to weight, the growth rate (g . day-1) differed significantly among tau +/-

pups with dams of three genotypes (Figure 4.2B). Pups from tau +/- dams had a higher

weight gain in the late pre-weaning age (10 to 16 days) compared with pups from tau

+/+ and tau -/- dams. Although litter size was a significant variable in the final model

the differences in body weight can not be explained by a correlation of maternal genotype

and litter size because dams of the three genotypes produced on average the same num-

ber of pups per litter. Additionally, tau +/+, tau +/-, and tau -/- dams were similar in

size (Table 4.1).

Cross-fostering of wild-type and homozygous mutant pups

Growth of wild-type and homozygous pups nursed by foster tau +/+ and tau -/- dams is

presented in Figure 4.4. Body weights of pups of both genotypes were higher when fos-

tered to tau +/+ dam and lower when fostered to tau -/- dam. Both the genotype of the

pup and the genotype of the foster dam significantly contributed to variation in body

weight (Table 4.4). Since there was no significant interaction between the pup genotype

and the foster dam genotype, the effect of pup and dam genotype appears to have an

additive effect on growth. 

The effect of pup genotype and dam genotype on body weight until age 120 days is

shown in figure 4.5. Until age 20 days homozygous tau mutant hamsters were heavier

than tau +/+ pups. Then the difference decreased after weaning age and became negative
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Figure 4.4 The average growth of wild-type (tau +/+) hamsters fostered by wild-type or homozygous
mutants (tau -/-) and the growth of homozygous tau mutant hamsters fostered by wild-type or homozy-
gous mutant dams.

0 100 12020 40 60 80
age (days)

0

120

40

80

160

bo
dy

 w
ei

gh
t (

g)
 ±

S
E

M

tau +/+ pups tau - /- pups

tau +/+ dams
tau - /- dams

100 12020 40 60 80
age (days)



at age 40 days and significantly so around 80 days of age. The genotype of the dam had

a pronounced effect on the entire body weight development. Until age 18 days tau -/-

dams had a steadily decreasing effect, then it become significant to the end of the meas-

ured period (Figure 4.5). At age 120 days tau -/- hamsters nursed by tau +/+ dams

become as heavy as tau +/+ with tau +/+ dams (141.1 ±2.6g and 144.1 ±3.4g,

respectively). At the same time, the body weight of tau -/- hamsters nursed by tau -/-

dams was 125.2 ±2.2g.

Discussion

In three genotypes of hamsters, growth correlated positively with the number of tau

alleles. Wild-type hamsters grew at a higher rate compared with tau mutant hamsters.

This variation occurs in addition to effects of litter size effect, sex, and maternal condi-

tion (Brumby, 1960). The tau -/- genotype had a pronounced negative effect on growth

throughout the entire post-natal period, whereas in the tau +/- genotype the effect beca-

me negative around the weaning age and diminished thereafter. 

Besides pup genotype, the number of tau alleles in the maternal genotype had an

effect on growth. Tau +/- pups from tau +/- dams had a higher body weight and a

growth rate than heterozygote pups from litters of homozygous mutant or wild-type
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Figure 4.5 Estimated mean differences in growth of wild-type hamsters fostered by wild-type (tau +/+)
dams, compared with homozygous tau mutant (tau -/-) hamsters fostered by homozygous mutant dams.
The effect in growth (g) is the difference between the average growth curve of tau +/+ hamster fostered
by tau +/+ dams (effect=0) and tau -/- hamsters fostered by tau -/- dams estimated by HLM analysis.
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dams. Neither litter size nor maternal body weight before conception contributed signi-

ficantly to this difference. A factor that varied between the three genotype dams was the

litters’ composition. In the experiment litters of wild-type and homozygote mutant dams

consisted of only tau +/- pups. Heterozygote females had all three genotype pups within

a litter. It is tempting to speculate that pups grew better when having the same tau geno-

type as the mother. One cause of this effect could be in the correspondence of the circa-

dian phenotype. The same endogenous rhythm of pup and mother might benefit pup

growth through the synchronisation of behavioural and physiological processes.

Consequently tau +/- pups from tau +/- dams may have grown better compared with

tau +/- pups from other genotypes of dams.

Since other environmental sources of variation could occur during postnatal growth

of tau +/- hamsters with dams of different genotypes, we assessed the postnatal matern-

al genotypes effect by cross-fostering hamsters within and between genotypes in litters

controlled for size and composition. The results showed additive effects of maternal and

offspring genotypes. The maternal tau -/- genotype effect was especially pronounced in

early postnatal growth, whereas pup tau -/- genotype affected growth throughout the

entire body weight development. Postnatal maternal variance in growth of randomly

bred mice has been shown to increase until one week after weaning and to decrease there-

after (Riska et al., 1984). In hamsters the time course of the maternal genotype effect

depended on the number of tau alleles and had the strongest effect until age 40 days.

Thus, as in mice, in hamsters the phenotypic effect of the maternal genotype is important

in early life, shortly after weaning. 

It is difficult to decide whether the negative effect of maternal tau genotype is of a

behavioral or physiological nature. It is known that quality and quantity of lactation can

alter body weight development (Gallo 1981; Huck et al, 1986, 1987; Desai and Hales

1997). Possibly, tau -/- females have a lower energetic and/or nutritional content of

milk. They may also have a shorter lactation period, leading to growth retardation of

their pups. 

The single-gene mutation tau was originally detected and described as a mutation of

the circadian period (Ralph and Menaker, 1988). However, tau alters other physiologi-

cal processes. It affects body mass and metabolic rate (Oklejewicz et al., 1997, 2000),

ultradian endocrine cycles (Loudon et al., 1994), gonadal development (Lucas et al.,

2000), and life expectancy (Hurd and Ralph, 1998). Recently, the tau gene has been

found to code for enzyme casein kinase I epsilon (CKIε; Lowery et al., 2000). In mutant

hamsters, CKIε has a lower velocity and autophosforylation state and consequently the

circadian oscillation is accelerated. CKIε is abundantly expressed within cells outside of
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the circadian clock, but the role of CKIε on other physiological processes is not fully

known. In particular, it remains to be assessed whether the tau allele affects the growth

rate by virtue of its influence on the circadian system or through clock independent

pathways. The fact that such effects are exerted both via the mother’s and the pup’s

genotype attests to the complexity of mammalian growth determination.
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CHAPTER5
Heart rate and body temperature in tau mutant

Syrian hamsters

Malgorzata Oklejewicz, Gerard J.F. Overkamp, Serge Daan

Zoological Laboratory, University of Groningen, The Netherlands

The circadian mutation tau shortens the free-running period (τ) of locomotor activity by
4 h in homozygous mutant Syrian hamsters. It also accelerates the resting and the avera-
ge metabolic rate. The increase in the circadian frequency and in the metabolic rate can
be expected to be accompanied by an increase in heartbeat frequency. We tested this
prediction in the three genotypes of hamsters (wild-type, τ ≈ 24 h; heterozygous, τ ≈
22 h, and homozygous tau mutants; τ ≈ 20 h). We recorded heart rate during the rest
and the active phase of the circadian cycle, and the daily average by simultaneous meas-
urements of heart rate, body temperature, locomotor activity, and metabolic rate at
three ambient temperatures (25, 15, and 5°C). The results showed that heart rate and
body temperature were similar among the genotypes at rest, activity, and daily average,
with a strong effect of ambient temperature. The amplitude of heart rate and body tem-
perature rhythms was indistinguishable between genotypes and dependent on ambient
temperature for the body temperature rhythm but not for the heart rate rhythm. Mass-
specific oxygen consumption at rest and daily average were only weakly correlated with
heart rate. A stronger correlation was found for the active phase. 



Introduction

The tau mutation in the Syrian hamster shortens the period of the free running rhythms

of locomotor activity (Ralph and Menaker, 1988) and body temperature (Refinetti and

Menaker, 1992b; Refinetti, 1996). The acceleration of circadian frequency in tau

mutant Syrian hamsters coincides with an increase in the daily and resting energy expen-

diture (Oklejewicz et al., 1997, 2000). Homozygous tau mutant hamsters with a circa

20% shorter circadian period have an approximately 20% higher energy expenditure

for their mass compared with wild-type hamsters. Both of these effects lend interest to a

study of the heart rate in tau mutant hamsters. The increased metabolic rate might be

supported by an increase in heart rate. The same prediction might be made from a

general effect of the tau mutation on the rate of physiological processes.

Heartbeats occur with a frequency of up to several hundred beats per minute. This

periodicity is generated by pacemaker located in a sinus node of the heart and modula-

ted by sympathetic and parasympathetic nervous system (Bozler, 1943). Heart rate and

body temperature are characterized by a daily oscillation, they are high in the active

phase and low during the rest phase. Thermoregulation and cardiovascular functions,

among other behavioral and physiological circadian rhythms, are controlled by the

suprachiasmatic nuclei of the hypothalamus, the SCN (Ralph et al., 1990; Refinetti and

Menaker, 1992b). Lesions of the SCN abolish or disrupt the circadian pattern of body

temperature and heart rate (Warren et al., 1994, Refinetti et al., 1994; Eastman et al.,

1984; Saleh and Winget, 1977).

Refinetti and Menaker (1992b, 1993) reported that heart rate in anesthetized ani-

mals and body temperature in freely moving hamsters are indistinguishable between

homozygous mutant and wild-types. This study further investigates heart rate, body

temperature and the corresponding metabolic rate by simultaneous measurements of

these parameters in freely moving hamsters (homozygous tau mutants with a circadian

period of about 20 h, heterozygous mutant with circa 22 h and wild-type hamsters with

circa 24 h). We test whether the reduction in the circadian period in locomotor activity

is accompanied by increases in the heart rate and body temperature. We performed

these tests at three different ambient temperatures. The frequency of heartbeats and

body temperature at rest and activity are compared among genotypes, and their rela-

tionship to metabolic rate assessed. 
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Material and methods

Animals and housing conditions

18 six-month-old, male Syrian hamsters (Mesocricetus auratus), 6 of each genotype, were

derived from our breeding colony at the Zoological Laboratory. The three genotypes of

hamsters, wild-type (tau +/+), heterozygote mutant (tau +/-), and homozygote mutant

(tau -/-) were all bred from heterozygous parents (F2 generation). The circadian phenotype

was determined after weaning (circa 30 days) by monitoring wheel-running activity for 10

days under constant dim red light. Hamsters were housed in individual cages (l x w x h: 40

x 25 x 15 cm) in a temperature-controlled room (23±0.5 °C) and a 12:12 hours light-dark

cycle (LD 12:12) prior to the experiment. Food and water were available ad libitum.

Implantation of transponders 

Heart rate transponders (Mini-Mitter Co. Sunriver, OR, model PDT 4000 HR E-mitter-

mass 4g) were implanted in the abdominal cavity under sodium pentobarbital anesthesia

(150 mg/kg). Two electrode lead wires were attached to the subcutaneous muscle tissue

of the chest at a 45-60 degree angle relative to the transverse plane of the heart. Thus,

the positive lead was placed on the anterior abdomen wall to the left of the xyphoid

process and posterior to the last rib. The negative lead was placed on the right side of

chest in the axillary region. The animal cages were placed on a top of energizer/receivers

(Mini-Mitter Co., model ER-4000). The number of R-wave pulses of the QRS complex

of the cardiac contraction cycle per minute was reported as the heart rate in beats per

minute (bpm) by the Vital View acquisition system (Mini-Mitter Co.). Three parameters,

heart rate (beats per minute, bpm), body temperature (±0.1 °C), and locomotor activity

(arbitrary units) were recorded simultaneously every minute.

Metabolism measurements

For metabolism measurements hamsters were transferred to airtight metabolic cages (l x

w x h: 35 x 25 x 25cm) where oxygen consumption (VO2) and carbon dioxide produc-

tion (VCO2) was measured (see Oklejewicz et al., 1997) simultaneously with HR, Tb

and activity. VO2 measurements were conducted in an eight-channel open flow system.

Oxygen and carbon dioxide concentration of dried inlet and outlet air (drier: molecular

sieves 3 Å, Merck) from each chamber was measured with a paramagnetic oxygen analy-

zer (Servomex Xentra 4100) and carbon dioxide by an infrared gas analyzer (Servomex

1440). The system recorded the differentials in oxygen and carbon dioxide between

dried reference air and dried air from the metabolic cages. Flow rate of the inlet air was
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measured with a mass-flow controller (Type 5850 Brooks). Data were collected every 6

min and automatically stored by a computer, which was synchronized to the Vital View

PC-system.

Experiment 1

Ten days were allowed for recovery after transponder implantation. Then hamsters

were transferred to a climate controlled room with constant temperature and constant

dim illumination (white light tubes, TLD 36W/85, Philips; illumination range: 5 – 15

lux). There heart rate (HR), body temperature (Tb) and locomotor activity were recor-

ded at three ambient temperatures: 25°C, 15°C and then at 5°C, each for about 72 h

after 12 h of acclimatization. 

Experiment 2

After the last trial at 5°C, hamsters were transferred to the metabolic cages and HR, Tb,

locomotor activity were measured simultaneously with records of oxygen consumption

and carbon dioxide production. The recordings were conducted at the same ambient tem-

peratures as in the experiment 1 albeit in inverse sequence, first at 5°C, then at 15°C and

at 25°C. The trials at each ambient temperature lasted for about 72 h separated by 12 h of

acclimatization. Hamsters were weighed before and after each trial to the nearest 0.1 g.

Data analysis

All measured variables were expressed in three different ways: (1) the average HR, Tb,

VO2 were calculated as the mean values over the last 48-h of measurement, (2) the mini-

mum HR, Tb, VO2 were calculated as the lowest value in a 1-h running mean during the

rest phase (as indicated by activity counts), (3) the maximum HR, Tb, VO2 were calcula-

ted as the highest value in a 1-h running mean during the active phase (see example in

figure 5.1). These three parameters were calculated for each of 18 hamsters at each

ambient temperature in both experiments 1 and 2.  

The circadian period of HR, Tb and activity counts was determined by Lomb-Scargle

time series analysis (Ruf, 1999) at each ambient temperature in experiment 1.

Significant differences between the three genotypes and the three ambient temperatures

were tested by repeated measure two-way analysis of variance (RM ANOVA; Sokal and

Rohlf, 1995). The Pearson product-moment correlation coefficient was computed to

test linear correlations between HR and mass-specific VO2. All results are presented as

mean ± standard error unless mention otherwise. Significance was accepted at p<0.05

(two-tailed).   
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Results

Circadian period of HR, Tb and activity

The circadian period of heart rate (HR), body temperature (Tb) and general locomotor

activity simultaneously recorded at 25, 15 and 5°C were independent of ambient tempe-

rature (RM one-way ANOVA, p>0.6). Therefore, for each individual circadian periods

over the three ambient temperatures were averaged and presented in table 5.1. The

variation in circadian periods among HR, Tb, and activity were not significant in any of

the three genotypes (RM one-way ANOVA; p>0.1).

Heart rate and body temperature

67

Figure 5.1 Representative example of simultaneous measurements of body temperature, heart rate, oxygen
consumption and activity for wild-type (tau +/+) and homozygous tau mutant (tau -/-) hamster at 15°C.
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HR in the three genotypes of hamsters

The maximum, minimum and average HR and Tb did not significantly differ between

the experiments 1 and 2 (paired t-test, p>0.05). The mean values for each ambient tem-

perature are presented in table 5.2. Genotype did not contribute significantly to the

explained variance in HR during the resting phase, the active phase, or for the average

values at all ambient temperature (RM ANOVA; p>0.5). However, ambient temperatu-

re had a profound effect on HR for all calculated parameters (RM ANOVA, p<0.001).

Decrease in ambient temperature increased the resting, the active, and the average HR.

The increase with the change in ambient temperature from 25°C to 15°C was about

twice as large as with the change from 15°C to 5°C (table 5.2). This increase in HR with
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genotype HR (bpm) Tb (°C) activity p

tau +/+ 24.0 (0.2) 24.2 (0.3) 24.4 (0.3) 0.6

tau +/- 22.4 (0.5) 22.1 (0.7) 22.4 (0.3) 0.5

tau -/- 20.7 (0.3) 20.0 (0.4) 20.5 (0.2) 0.3

p differences among rhythms assessed by ANOVA

Table 5.1 The mean (±S.E.M.) circadian period of heart rate (HR), body temperature (Tb) and general
locomotor activity of wild-type (tau +/+), heterozygous (tau +/-), and homozygous (tau -/-) tau mutant
hamsters.

Resting phase Active phase 48-h average

Ta Genotype Tb (°C) HR (bpm) Tb (°C) HR (bpm) Tb (°C) HR (bpm)

25°C tau +/+ 35.6 (0.2) 264 (7) 37.4 (0.2) 374 (13) 36.2 (0.1) 292 (11)

tau +/- 36.0 (0.1) 267 (6) 37.1 (0.2) 349 (10) 36.1 (0.1) 294 (6)

tau -/- 36.2 (0.3) 264 (3) 37.1 (0.4) 341 (12) 36.0 (0.4) 290 (6)

15°C tau +/+ 35.5 (0.2) 348 (9) 37.2 (0.2) 463 (5) 35.9 (0.1) 385 (7)

tau +/- 35.7 (0.2) 342 (10) 37.1 (0.2) 446 (11) 35.9 (0.1) 373 (5)

tau -/- 35.4 (0.3) 341 (13) 37.1 (0.2) 436 (13) 35.8 (0.2) 365 (6)

5°C tau +/+ 35.1 (0.1) 386 (9) 37.2 (0.1) 498 (12) 35.8 (0.2) 431 (10)

tau +/- 35.2 (0.3) 376 (6) 37.3 (0.1) 487 (13) 35.8(0.1) 411 (4)

tau -/- 35.3 (0.4) 370 (13) 37.0 (0.3) 479 (7) 35.8 (0.4) 404 (10)

Table 5.2 Mean values (± S.E.M.) of heart rate (HR) and body temperature (Tb) during the resting
phase, active phase and the average over 48-h for the wild type (tau +/+), heterozygous (tau +/-) and
homozygous (tau -/-) tau mutants at three ambient temperatures (Ta).



decreasing ambient temperature was independent of genotype (interaction of genotype

and ambient temperature: p>0.1; RM ANOVA). 

Besides the effect of ambient temperature on HR, we tested whether body mass con-

tributes to the explained variance in HR. Hamsters in this study had the same differences

in body weight as reported earlier (Oklejewicz et al., 2001c), although not significantly
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Figure 5.2 Relationship of heart rate and metabolic rate of three genotype of hamsters: wild-type (tau
+/+), heterozygous (tau +/-) and homozygous tau mutants (tau -/-) at 25, 15 and 5°C. (A) during the
resting phase, (B) during the maximal activity, (C) the daily average metabolic rate and heart rate.
Linear regressions were fitted for every ambient temperature for the three genotypes pooled together.
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so due to the smaller numbers of animals (p=0.06). Tau -/- hamsters had the smallest

body weight (average of 118.5 ±4.1g) compared with tau +/+ and tau +/- hamsters

(124.6 ±5.8g and 134.3 ±2.5g, respectively). Genotype did not contribute significantly

to the explained variance in resting, active, or average HR in the presence of body mass

and ambient temperature as explanatory variables (p>0.05). 

Tb in the three genotypes of hamsters

The resting, active and the daily average body temperature did not significantly differ

between genotypes (RM ANOVA, p>0.1). Resting and daily mean Tb decreased with

lower ambient temperature (table 5.2). On average the decrease by 10°C in ambient

temperature caused a decrease in Tb by 0.38 ±0.09°C. The active Tb was 37.2°C at all

ambient temperatures and independent of genotype. Body mass as additional explanato-

ry variable did not significantly add to the explained variance among genotypes in res-

ting, active, and average Tb (p>0.3).  

The amplitude of HR and Tb rhythms

The amplitude of HR (HRmax – HRmin) was neither dependent on genotype (RM

ANOVA, p=0.1) nor on ambient temperature (p=0.1). The average amplitude of HR

for all genotypes was 101 ±4 bpm. The circadian amplitude of Tb did also not vary sig-

nificantly among genotypes (RM ANOVA, p=0.5). The amplitude of Tb, in contrast to

HR, was dependent on ambient temperature (p<0.001). The amplitude of Tb increased

with decreasing ambient temperature: 1.3 ±0.1°C, 1.5 ±0.1°C and 2.0 ±0.1°C at 25,

15 and 5°C respectively. 

The relationship between metabolic rate and HR

The mass-specific resting metabolic rate and HR (both calculated over the same 30 min

during the rest phase) correlated significantly only for tau +/+ hamsters at 5°C (table

5.3). When the data for the three genotypes were pooled together, the correlation was

significant overall at 15°C (correlation coefficient: r=0.53, p=0.03) but not at 25°C and

5°C (p>0.1; figure 5.2A). In the active phase, the maximum VO2 and heart rate were

associated significantly for tau +/- at all ambient temperatures (table 5.3). For all geno-

types pooled together, the maximum VO2 was significantly correlated with HR during

the active phase at three ambient temperature (p<0.02; figure 5.2B). The average oxy-

gen consumption (mean over 48 h) positively correlated with the average heart rate for

two genotypes (table 5.3). Overall, at 25°C the correlation was close to significance

(r=0.43, p=0.08), similar at 15°C (r=0.47, p=0.055) and it just reached significance at

Chapter 5

70



5°C (r=0.47, p=0.0498) for all genotypes pooled together (figure 5.2C). 

We tested whether genotype contributed significantly to the explained variance in

HR in a model with ambient temperature and mass-specific metabolic rate as explanato-

ry variables. As expected, the active, resting, and daily HR all were significantly depen-

dent on ambient temperatures whereas the genotype did not contribute significantly to

the explained variance. The metabolic rate was positively correlated with HR in the acti-

ve phase, but not significantly so as overall average. 

Discussion

The circadian period of simultaneously measured heart rate and body temperature was

accelerated by the tau mutation in the same way as described for locomotor activity

(Ralph and Menaker, 1988). Our data show that the circadian periods of body tempera-

ture, heart rate and general activity were statistically indistinguishable and independent

of ambient temperature. This is consistent with the small, if any effect of ambient tem-

perature on circadian frequency (Rawson, 1960). The amplitude of the body temperatu-

re rhythm and its mean level is affected by locomotor activity, especially in the presence

of running wheels (Gander et al., 1986; Refinetti and Menaker, 1992b; 1993; Golom-

bek et al., 1993). In our study lower ambient temperature increased the amplitude of the
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Resting phase Active phase 48-h average

Ta Genotype r p r p r p

25°C tau +/+ 0.62 0.2 -0.16 0.8 0.58 0.2

tau +/- 0.49 0.3 0.92 0.01* 0.93 0.01*

tau -/- -0.22 0.7 0.61 0.2 0.41 0.4

15°C tau +/+ -0.02 0.9 0.17 0.7 0.31 0.5

tau +/- 0.77 0.08 0.99 <0.001* 0.57 0.2

tau -/- 0.43 0.5 0.68 0.2 0.32 0.6

5°C tau +/+ 0.95 0.004* 0.54 0.3 0.88 0.02*

tau +/- 0.64 0.2 0.81 0.049* 0.33 0.5

tau -/- -0.41 0.4 0.27 0.6 -0.23 0.7

Table 5.3 The correlation of metabolic and heart rate during the resting phase, the active phase and for
the average for wild-type (tau +/+), heterozygous (tau +/-) and homozygous tau mutant hamsters (tau -
/-) at three ambient temperatures (Ta); r- correlation coefficient and its corresponding p-value.



body temperature rhythm but not of the circadian rhythm in HR. This was the conse-

quence of a reduction in the resting body temperature. 

Tau mutant hamsters did not show a systematic difference compared with wild-types

in their heartbeat frequency, whether measured at rest, activity or daily average. This

confirms with the conclusion derived from heart rate recordings of anesthetized tau

mutant and wild-type hamsters (Refinetti and Menaker, 1993). The tau mutation has

been shown to affect the ultradian rhythm of hormonal secretion (Loudon et al., 1994)

and feeding cycle (Oklejewicz et al., 2001b), but has apparently no effect on the fre-

quency of heartbeats in spite of the difference in metabolic rate (Oklejewicz et al., 1997,

2000). While the circadian pacemaker controls the daily oscillation of heart rate it evi-

dently does not affect the ultradian frequency of cardiac contractions.

The 20% difference in circadian period and metabolic rate between wild type and

homozygous tau mutant hamsters is not accompanied by a 20% difference in the mean

heart rate. We recently reported that homozygous tau males live on average about 15%

longer than wild-type hamsters in freerunning conditions (Oklejewicz and Daan, 2001e).

These data allows us to estimates the number of heartbeats per lifetime. Wild-types, as a

consequence of the shorter life, would have on average about 2.75*108 heartbeats per

lifetime compared with about 3.10*108 heartbeats in homozygous mutants. Both fall in

the lower end of the range (2.1 – 43*108; mean 12*108) of heartbeats per lifetime in

mammals (Livingstone and Kuehn, 1979). These figures are only estimates and whether

the outcome for wild-types and homozygous mutant hamsters is due to chance can not be

tested. Heart rates if anything were slower in homozygous mutants that in wild-types,

though not significantly so. In the framework of the ‘rate of living’ theory (Pearl, 1928)

such a difference would be consistent with the longer life of mutant hamsters. For the

time being it is more important to conclude that the tau mutation known and detected

because of its accelerating effect on the circadian system certainly does not accelerate

heart rate. This is not due to anesthesia involved in Refinetti and Menaker (1993) study,

but is true for the resting phase and the activity phase of normal moving hamsters with

the gene studied among siblings with similar genetic background. 
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CHAPTER6
Temporal organisation of feeding in Syrian hamsters

with a genetically altered circadian period.

Malgorzata Oklejewicz1, Gerard J. F. Overkamp1, J. Anne Stirland2,
Serge Daan1

1 Zoological Laboratory, University of Groningen, The Netherlands
2 School of Biological Sciences, University of Manchester, United Kingdom

Chronobiology International (2001) 18(4)

The variation in spontaneous meal patterning was studied in three genotypes (tau +/+,
tau +/- and tau -/-) of the Syrian hamster with an altered circadian period. Feeding acti-
vity was monitored continuously in 13 individuals from each genotype in constant dim
light conditions. All three genotypes had on average six feeding episodes during the cir-
cadian cycle (about 20 h in homozygous tau mutants and 22 h in heterozygotes compa-
red with 24 h in wild-type hamsters). Thus, homozygous tau mutant hamsters had signi-
ficantly more feeding episodes per 24 h than wild types, and heterozygotes were inter-
mediate. The average duration of feeding bouts was indistinguishable (around 30 min)
among the three genotypes, whereas the intermeal intervals were significantly shorter
for homozygote tau mutant hamsters (99 min), intermediate for heterozygotes (116
min), and the longest for wild-type hamsters (148 min). Thus, the meal-to-meal duration
was on average 25 % shorter in homozygous tau mutants (16 % in heterozygous) than
in wild-type hamsters. The reduction of the circadian period has a pronounced effect on
short-term feeding rhythms and meal frequency in hamsters carrying the tau mutation.



Introduction

Spontaneous food intake in rodents is usually characterized by a series of discrete fee-

ding episodes or meals, separated by intermeal intervals. This organization of feeding is

under homeostatic feedback control, and several models have been advanced to guide

the unraveling of the control circuits (Toates, 1974). Liporegulatory mechanisms, gast-

rointestinal tract content, the central noradrenergic system, and the ventromedial hypo-

thalamus through lesioning studies have been shown experimentally to be involved in

the short-term regulation of feeding (Balagura and Devenport, 1970; Le Magnen, 1981;

Richter and Epstein, 1975). On the other hand, feeding behavior is also embedded in

the endogenous behavioral pattern controlled by the circadian pacemaker in the supra-

chiasmatic nuclei (SCN; Stephan and Zucker, 1972; Stephan and Nunez, 1977; Nagai et

al., 1978; Van den Pol and Powley, 1979). While homeostatic feedback allows for a cor-

rective control mechanism, circadian control provides for anticipatory adjustment to

environmental change. The contribution of both to the organization of feeding behavior

is underscored by the effect of complete SCN lesions, which disrupts the temporal orga-

nization of feeding yet leaves total food intake unaffected (Nakagawa et al., 1979).  

The aim of the present study is to describe the spontaneous feeding pattern in the

Syrian hamster and to elucidate the contribution of the circadian pacemaker to the tem-

poral organization of feeding. In particular, we are interested in defining the effect of an

acceleration of the circadian cycle due to a single locus change in the Syrian hamster

genome (Ralph and Menaker, 1988). In the homozygous tau mutant, the endogenous

circadian cycle of locomotor activity is about 20 h, a 17 % reduction compared to the

wild-type cycle of 24 h. In this study, the spontaneous feeding activity was recorded in

the three genotypes of hamster (homozygous tau mutants, heterozygotes with a circa-

dian period of approximately 22 h, and wild-type hamsters). If the circadian system con-

trols the short-term organization of feeding, the feeding cycle in mutant hamsters is

expected to shorten by decreasing the duration of feeding and/or the intermeal interval.  

Material and methods

Male Syrian hamsters (Mesocricetus auratus) were bred at the Zoological Laboratory,

Haren, The Netherlands. Wild-type hamsters (tau +/+) were paired with homozygous

tau mutants (tau -/-) to produce heterozygous (tau +/-) mutants. Crosses of tau +/-

hamsters were then set up to generate the experimental animals (tau +/+, tau +/-, and
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tau -/-). Breeding was performed under constant light conditions and ambient tempera-

ture (23 ± 2°C) with food and water available ad libitum. General locomotor activity

was monitored under constant dim red light (less than 0.5 lux) for 10 days to determine

the circadian phenotype of the hamsters. 

At 10 weeks of age, experimental male hamsters (13 individuals from each genotype)

were transferred to individual recording cages (25 x 25 x 40 cm) in a temperature con-

trolled (23 ± 0.5°C) room. The room was continuously illuminated by dim red light

(Philips, 36W/15 red tube lights) with intensities from 0.1 to 0.5 lux. The experiment was

carried out from October to December. Wood shavings were used as bedding material,

food and water were available ad libitum and checked at random times once per week.

A passive infrared detector placed on top of the entry to the feeding tube recorded

feeding activity. The feeding tube was separated from the rest of the cage by a Plexiglas

wall and connected via a wire mesh tunnel (5.5 cm in diameter and 3 cm long). This

allowed exclusive recording of feeding activity inside the feeding tube. Feeding was

recorded automatically in 2 minutes time bins by a PC-based recording system (ERS). 

For each hamster 10 days of feeding activity were analyzed (examples are shown in

Figure 6.1). All nonfeeding intervals longer than 400 minutes represented the resting

phases of the daily cycle. These were clearly distinguishable from intermeal intervals
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Figure 6.1 Examples of feeding activity recordings for two individuals from each genotype. The quanti-
tative data are double plotted on a 24 h scale for wild-type hamsters (A; tau +/+), on 22 h for hetero-
zygote hamsters (B; tau +/-), and on 20 h for homozygote tau mutant hamsters (C; tau -/-).
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during the activity phase (Figure 6.2) and were omitted from the analysis. A 20-minute

intermeal (IM) criterion (e.g. Mrosovsky and Boshes, 1986; Eckel et al., 2000) was

applied to the data as follows: any 2 minute time bins with feeding separated by fewer

than 10 bins without feeding were considered to belong to the same meal or feeding

bout (FB). Single time bins with feeding activity separated by more than 10 bins from

the prior and the next time bins with feeding were discarded. Most of these cases occur-

red when the hamster occasionally visited the feeding tube without eating. 

Medians of individual FB and IM interval durations were tested for statistical signifi-

cance among genotypes by one-way analysis of variance (ANOVA) and post-hoc Tukey

test. The rhythmicity in feeding activity was calculated by chi square periodogram time

series analysis (Sokolove and Bushel, 1978). All data are presented as means ± standard

errors unless stated otherwise. Significance was accepted at p<0.05 (two-tailed).
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Figure 6.2 Frequency distribution of all feeding bouts (A) and intermeal interval (B) for wild-type (tau
+/+), heterozygote (tau +/-), and homozygote tau mutant hamsters (tau -/-).
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Results

All hamsters showed a robust circadian rhythm of feeding activity (Figure 6.1). Food

intake clustered into clear FBs separated by shorter IM intervals and longer (more than

400 minutes) nonfeeding episodes (Figure 6.2). Despite exposure throughout their life

only to constant illumination, about 80% of hamsters had a sharp onset of daily feeding

as presented in figure 6.1, and none of the hamsters became arrhythmic. The circadian

period of feeding activity ranged from 23.8 to 24.9 h for tau +/+ (mean ± s.d.; 24.5 ±

0.3 h), from 21.4 to 22.0 h for tau +/- hamsters (21.8 ± 0.2 h), and from 20.0 to 20.7

h for tau -/- (20.3 ± 0.2 h). 

The number of FBs per 24 h varied significantly among the three genotypes (p<.01,

ANOVA; table 6.1). When expressed per circadian cycle tau +/+, tau +/-, and tau -/-

had similar numbers of FBs (p=.6; ANOVA; table 6.1). A total of 2463 FBs was recor-

ded over 10 days for the three genotypes (from n=13 hamsters per genotype) and their

durations are presented in figure 6.2A. The peaks of the distributions for the three geno-

types are similar. The individual medians of FBs were not statistically different among

genotypes (p=.4, ANOVA; table 6.1), and on average, all hamsters fed for about 30

minutes during a single FB. 

The individual medians of IM intervals were significantly longer for tau +/+ genoty-

pe than mutant hamsters (p<.001, ANOVA; Figure 6.2B). Tau +/- hamsters had inter-

mediate IM intervals, which did not significantly differ from those of tau -/- hamsters

(p>.05, Tukey test). In addition to this analysis, we also calculated IM intervals with the

criteria of 5 and 7 bins to test whether the chosen 10-bin criterion (see Material and

Method section) affected our conclusions. The difference in IM intervals among genoty-

pes with both 5 and 7 bins was still highly significant (p<.001, ANOVA). The mean

values decreased by 3 and 6 min for tau +/+ and tau -/- hamsters, respectively with the

criteria of 5 time bins.  

The feeding cycle defined as meal-to-meal interval reflects the difference found in

the duration of IM intervals among genotypes. Total time spent feeding reflects both the

frequency and duration of meals. Tau -/- hamsters spent significantly more time on fee-

ding per 24 h than tau +/+ (p<.0002, ANOVA; table 6.1). Heterozygotes were inter-

mediate, but did not significantly differ from either homozygote (p>.05, Tukey test). In

contrast, the total feeding time per circadian cycle was not statistically different among

the genotypes (p=.25, ANOVA; table 6.1).
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Discussion

The mutation of the circadian period in tau mutant hamsters has clear consequences on

the organization of the feeding pattern. The duration of a single meal was similar for all

circadian phenotypes, but the time between meals was shortened on average by 33% in

homozygote mutants and by 22% in heterozygote tau mutants compared with wild-type.

It is well established that the organization of spontaneous short-term feeding serves

the energetic needs of the organism. The short-term feeding and activity rhythms have

been extensively studied in strictly ultradian organized herbivorous microtine rodents

characterized by diurnal as well as nocturnal feeding (Daan and Slopsema, 1978;

Gerkema and Daan, 1985). The ultradian organization of physiology and behavior in

these species is equally pronounced in light-dark cycles and in continuos illumination. In

Syrian hamsters exposed to continuous lighting conditions throughout their life to evoke

more pronounced ultradian organization of feeding behavior (Honma and Hiroshige,

1978), all genotypes of hamster had feeding bouts organized within the subjective night.

Further, in comparison with Microtus species, Syrian hamsters showed a strong circa-

dian organization of feeding behavior that was not damped out in prolonged constant

conditions.

The temporal organization of feeding in the three hamster genotypes reflects the

energetic requirements. Homozygous and heterozygous tau mutant genotypes have a

higher average metabolic rate (oxygen consumption per 24 h) compared with wild-type

hamsters (Oklejewicz et al., 1997, 2000). Thus, they would be expected to have higher

overall rates of food intake. If the intake during feeding is the same across genotypes, we
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tau +/+ tau +/- tau -/-

number of FBs per 24 h 5.6 (0.2) 6.5 (0.4) 6.9 (0.3) *

number of FBs per circadian cycle 5.6 (0.2) 6.0 (0.4) 5.8 (0.3)

feeding bout (minutes) 28.1 (2.4) 31.3 (1.8) 30.8 (1.4)

intermeal interval (minutes) 148.0 (7.6) 115.6 (8.4) 99.5 (3.7)*

feeding cycle (h) 2.9 (0.2) 2.4 (0.2) 2.2 (0.1)*

total feeding time (h . 24h-1) 2.8 (0.2) 3.7 (0.2) 4.0 (0.2) *

total feeding time (h . cycle-1) 2.8 (0.2) 3.1 (0.1) 2.9 (0.1)* 

*significant variation among genotypes, p<.05

Table 6.1 Characteristics of feeding patterns (mean ± SEM) for the three genotypes of hamsters: wild
type (tau +/+), heterozygous (tau +/-), and homozygous mutant (tau -/-). 



expect tau mutants to spend more time feeding. Indeed, the daily feeding time was lon-

ger in tau mutant than in wild-type hamsters. At the same time, the metabolic rate per

circadian cycle was not distinguishable among the three genotypes, which corresponds

well with the similar duration of feeding per circadian cycle reported in the present

study. 

Effects of circadian period mutations on high frequency rhythms have previously

been demonstrated in Drosophila per mutants (Kyriacou, 1990). In the tau mutant ham-

ster, Loudon et al. (1994) showed that the luteinizing hormone and cortisol interpulse

intervals were longer than in wild type hamsters rather than shorter. Electrophysiolo-

gical measurements of ultradian rhythmicity within the circadian pacemaker revealed no

difference between genotypes in periods in the ultradian range (Yamazaki et al., 1998).

Both results are in contrast with our results on the feeding cycle.

The present study demonstrates that the change in frequency of circadian oscillations

modifies the timing of onset of short-term feeding cycles in hamsters carrying the tau

mutation by about 25 % in tau -/- and by about 16 % in tau +/- compared with wild-

type hamsters. This suggests that, in addition to its control over circadian organization

of feeding behavior, the circadian pacemaker modifies the ultradian timing of food inta-

ke in the Syrian hamster.
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CHAPTER7
The precision of circadian clocks:

assessment and analysis in tau mutant Syrian hamsters

Serge Daan and Malgorzata Oklejewicz

Zoological Laboratory, Biological Center, University of Groningen, The Netherlands

791 locomotor activity recordings of Syrian hamsters born from heterozygous tau
mutant parents were subjected to a systhematic analysis of the precision of the overt cir-
cadian activity rhythm in constant darkness. 587 records were obtained from running
wheel revolutions, 204 from Passive Infrared recording of movements (PIR). Phase
variation, i.e. the standard deviation of phase markers around the regression line varied
with the definition of phase. Least variable was the onset of wheel running activity defi-
ned by 1-h running means of the raw data. With PIR recordings, the midpoint of activi-
ty defined by 3-h running means was the least variable. Wheel running rhythms of
homozygous tau mutants were less precise than in their wild-type and heterozygous
siblings. This difference did not apply to PIR-records. Females had slightly less precise
rhythms than males. Phase variation in each genotype had a U shaped dependence on
mean period (τ) with minimal variability dependence at mean τ for the genotype This is
partly a trivial result from stochastic error, partly due to reduced stability of circadian
clocks running at periods deviant from the mean. By calculating the average cycle
length variance and serial covariance of consecutive cycles, we estimated the contribu-
tion of ‘clock’ and non-clock related processes in the overt rhythm variability. Variance
in precision between phase markers could be shown to be attributable mainly to non-
clock processes.



Introduction

The standard deviation of consecutive circadian cycles is not a popular parameter.

Chronobiologists reporting on freerunning circadian rhythms measure the average cycle

length (τ), but rarely its variance. Yet, precision, the reciprocal of the standard deviation,

may reveal interesting properties of the underlying rhythm generator. Precision has for

instance been proposed to reflect (a) the waveform of the endogenous pacemaker

(Aschoff et al., 1971), (b) the selective premium on endogenous periods close to the

zeitgeber period (Pittendrigh and Daan, 1976), and (c) the number of neuronal elements

forming the pacemaker (Enright, 1980).

Precision is known to have some interesting associations with the mean τ. Aschoff et

al. (1971) reported that in circadian rhythms of humans and birds the precision of the

onset of activity is negatively associated with τ, while the offset of activity tends to be

positively associated with τ. Other studies, working primarily with activity onsets have

reported that precision often follows a U-shaped curve as a function of circadian period

length (Pittendrigh and Daan, 1976; Daan and Beersma, 2001). That means that these

systems attain maximal precision at intermediate τ -values, i.e., often around 24 h. It

would be of interest to evaluate this relationship in a species where the range of sponta-

neous ô values can be artificially modified, e.g., by genetic manipulation. This might

allow us to distinguish between two possibilities: (1) Periods close to the earth's rotation

have something peculiar whereby circadian systems running with that period are more

precise. (2) Periods in the middle of the range for a certain genotype have something

peculiar whereby circadian systems running with that period are more precise.

There is a second set of questions. These relate to how the measure of precision

affects the conclusions drawn. Aschoff et al. (1971) have pointed out that the precision

of onset and end of activity vary in opposite manner with light intensity and with spon-

taneous mean cycle length as affected by light intensity. Under standard conditions of

constant darkness the precision of the daily onset of activity time is often greater than

that of the end of activity. Researchers have therefore generally agreed on the use of

activity onset as a phase marker. Little is known on several other phase markers such as

midpoint of activity (promoted especially by Aschoff, 1965) or the center of gravity

(introduced as a circadian phase marker by Kenagy, 1980). 

In this study we explore the dependence of precision on circadian period in several

markers of the activity rhythm, using Syrian hamsters of three circadian genotypes to

modify the range of periods investigated (Ralph and Menaker, 1988). A large data set of

791 freeruns in DD was available, all obtained under standard conditions. These data
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were collected as animals born from heterozygotes went through a standard screening

procedure in the framework of a series of studies on the rate of living (Oklejewicz et al.,

1997, 2000, 2001a, b, c, d, e).

Methods

All Syrian hamsters used here were born in litters produced by pairs both heterozygous

for the tau-allele (Ralph and Menaker, 1988, Lowrey et al., 2000). Animals were main-

tained in the breeding colony under LD 14:10. After weaning at the age of about 40

days they were placed individually in recording cages (25 x 25 x 40 cm) in a room main-

tained at 23±2 °C under dim red incandescent light (<0.1 lux). These cages were most-

ly equipped with running wheels (diameter 17 cm), but some with Passive Infra-Red

(PIR) movement detectors on top of the cage. Data were collected by our custom built

Event Recording System (ERS). This stores circuit closing events accumulated in 2-minu-

te bins on a computer hard-disk, and transfers the data for up to 256 channels every

night at midnight onto a floppy disk, which can be removed and read out in daytime.

Each hamster remained for circa 10 days in the recording cage. This was sufficient to

assign it to one of three genotypes tau -/-, tau -/+, tau +/+ on the basis of its circadian

cycle length. The activity rhythms were first subjected to classic periodogram analysis

(Sokolove and Bushell, 1978). The frequency distribution of all τ estimates from perio-

dogram analysis is presented in the upper panels of Figure 7.1. This shows a trimodal

distribution with the three peaks separated by troughs around τ = 21.0 and τ = 23.3

hours. We used these two values to distinguish phenotypically between the three genoty-

pes. These boundary values correspond well with the distribution reported in the origin-

al study by Ralph and Menaker (1988). Thus we considered animals with 21.0 h < τ <

23.3 h as heterozygous, while τ < 21.0 h and τ > 23.3 h were considered to characteri-

ze homozygous mutant and wild-types, respectively. Altogether we had 165 tau -/-, 422

tau +/- and 204 tau +/+. The ratio is close to the 1:2:1 ratio expected for simple men-

delian crossing on the basis of Ralph and Menaker's (1988) study. Homozygous mutants

appear slightly, though not significantly underrepresented (deviance = 4.998; p=0.08).

Dependence of precision on phase definitions and recording mode

The definition of phase markers is of decisive importance for the assessment of precision.

Investigators have employed very different markers even in the case of standard activity

rhythms. Often, these are defined in a somewhat arbitrary manner, e.g., by selecting the
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first 5 minute bin in which activity attained 20% of maximal activity in a given cycle

(Scarbrough and Turek, 1996). In order to investigate how precision is affected by the

definition of phase markers, we have investigated 12 different markers, which are easily

numerically defined. They are indicated with two examples in figure 7.2. In all cases the

last 6 days of data of a hamster’s activity record were used. A computer program ERSVA-
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Figure 7.1 Frequency distributions of individual τ-values established according to different phase mar-
kers and analyses. Left panel: records obtained from running wheel data; right panel: records obtained
from Passive Infrared (PIR) data. a, d: Periodogram analysis; b, e: Regression of Centers of Gravity on
cycle sequence number; c, f: Regression of 1-h running mean onset on cycle sequence number. 
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RIA, custom made by Leon Steijvers, and freely available from the authors, identified in

each cycle the center of gravity of the activity distribution (Kenagy, 1980) and then

three phase markers each for the onset, midpoint and end of activity. The procedure is

as follows:

� C (Center of gravity) = The complete actogram is split up in time slices of 24 (wild-

type), 22 (heterozygote) or 20 h (homozygous mutants). In each time slice the circular 

mean vector for activity is calculated. The direction of this vector points to the center of

gravity of the distribution. In the example of figure 7.2, C's are indicated in the panel a.

Subsequently, the phase markers for the beginning of activity per cycle are found by

searching the half-cycle (wild-type 12 h; heterozygote 11 h, homozygous mutant 10 h)

preceding C, while the phase markers for the end of activity are found by searching the

half cycle following C:

� B0 (Beginning of α) = Earliest 2-minute bin with activity counts exceeding the 6 day 

average (Figure 7.2 panel a)

� E0 (End of α) = Last 2-minute bin with activity counts exceeding the 6-day average 

(Figure 7.2 panel a).

� M0 (Midpoint of α) = halfway between B0 and subsequent E0 (Figure 7.2 lower 

panel a) 

� B1 = same as B0 except calculated after transforming the whole data set into one 

hour running means (Figure 7.2 panel b)

� E1 = same as E0 except calculated after transforming the whole data set into one 

hour running means (Figure 7.2 panel b)

� M1 = same as M0 except calculated after transforming the whole data set into one 

hour running means (Figure 7.2 panel b)

� B3 = same as B0 except calculated after transforming the whole data set into three 

hour running means (Figure 7.2 panel c)

� E3 = same as E0 except calculated after transforming the whole data set into three 

hour running means (Figure 7.2 panel c)

� M3 = same as M0 except calculated after transforming the whole data set into three-

hour running means (Figure 7.2 panel c)

Figure 7.2A highlights some of the problems involved in establishing circadian phase

markers. The main activity band is preceded by a tiny blip occurring 1-3 hours before.

On day 2 this remains subthreshold, on day 3 it exceeds the threshold. Thereby B0 is

found at the onset of the main activity band on day 2 and two hours before it on day 3.

In the 1-h running mean the blip is always subthreshold, rendering variance in B1 smal-

ler than in B0. The rather variable second peak in activity determines E. This peak is
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Figure 7.2 Actogram (upper panel) and longitudinal plots (lower panel) of running wheel activity in the
wild-type Syrian hamster (A) and of general activity in the heterozygous tau mutant (B) with twelve
phase markers. a. Data in 2 minute bins. b. 1-h running means. c. 3-h running means. For definitions of
phase markers, see text.
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usually narrow and on days 1 and 2 it remains subthreshold (panel c) increasing the

variance in E3 compared E0 and E1. With PIR recording activity patterns are often much

more fragmented (figure 7.2B) than with wheel running. Under such conditions, smoot-

hing procedures applied greatly affect the determination of phase markers.

We subjected all 791 activity records to the program calculating these phase markers.

Then for each marker, we computed the regression of the markers on sequence number.

This yielded both a measure of τ (slope) and of the standard deviation of phase markers

around the regression. We call the latter phase variation. The average values for period

(τ) and phase variation are presented in tables 7.1 (running wheel) and table 7.2 (passive

infrared sensing) along with the interindividual standard deviations of τ. These data

demonstrate that for wheel running the phase marker B1 (upward crossing of the 1 hr

running mean through the long-term average activity) usually yields the smallest intrain-

dividual phase deviation, and hence the highest precision (table 7.1). The offset is consi-

derably more variable on average than the onset, while the midpoint is intermediate.

Interindividual variation of τ is always smallest in the periodogram analysis, possibly

because it integrates all the data, instead of searching for markers in a restricted part of

the data set. Of course, periodogram analysis yields no measure of phase variation.
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tau+/+ (n=147) tau+/- (n=326) tau-/- (n=114)

Phase symbol mean inter- phase mean inter- phase mean inter- phase
marker τ s.d. τ var. τ s.d. τ var. τ s.d. τ var.

Periodogram 23.91 0.23 22.26 0.48 20.21 0.44

C. of Gravity C 23.89 0.64 0.63 22.17 0.71 0.68 20.23 0.48 0.66

2 min. ‘raw B0 24.01 0.44 0.69 22.35 0.55 0.68 20.29 0.53 0.81

data’ M0 24.08 0.36 0.56 22.30 0.52 0.72 20.26 0.53 0.75

E0 24.09 0.46 0.63 22.21 0.62 1.17 20.18 0.65 1.27

1-h running B1 24.00 0.27 0.27 22.30 0.50 0.42 20.31 0.47 0.61

mean M1 24.01 0.38 0.57 22.25 0.54 0.70 20.25 0.50 0.76

E1 23.98 0.54 1.15 22.15 0.65 1.35 20.16 0.67 1.29

3-h running B3 24.00 0.33 0.36 22.30 0.51 0.46 20.29 0.48 0.58

mean M3 23.97 0.45 0.73 22.23 0.57 0.70 20.22 0.50 0.70

E3 23.91 0.63 1.45 22.10 0.72 1.43 20.15 0.68 1.20

Table 7.1 Mean circadian cycle length and mean phase variation in Syrian hamsters of three genotypes,
determined from wheel running activity rhythm according to 12 different phase markers. Smallest stan-
dard deviations are highlighted in bold type



In animals without running wheels, and with their activity recorded via PIR sensing,

standard deviations, both inter- and intraindividual, are considerably higher than with

running wheels. Here it is the midpoint of activity, based on 3-h rather than 1-h running

means, which consistently yields the smallest (intraindividual) phase variation. The smal-

lest inter-individual variation is again found in the τ-estimates from periodogram analy-

sis (table 7.2). The conclusions are consistent across the three genotypes.

Partitioning of the variance: Serial correlation of τ

Different phase markers yield different phase variation. However, they are derived from

the same data and indeed generated by the same pacemaker. Thus we can not conclude

that differences in precision of the rhythm observed necessarily reflect differences in

precision of the pacemaker. Indeed there are processes involved in the control of overt

behaviour that may contribute their own variance. Pittendrigh and Daan (1976a) have

proposed a way in which variance of the observed cycle length may be partitioned into

variance in pacemaker cycles and variance in processes peripheral to the pacemaker. The

approach makes use of the standard deviation of cycle length and the serial correlation
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tau+/+ (n=57) tau+/- (n=96) tau-/- (n=51)

Phase symbol mean inter- phase mean inter- phase mean inter- phase
marker τ s.d. τ var. τ s.d. τ var. τ. s.d. τ var.

Periodogram 24.08 0.52 22.20 0.47 20.18 0.42

C. of Gravity C 24.14 0.65 1.23 22.01 0.85 1.17 20.32 0.96 0.96

2 min. ‘raw B0 24.21 0.55 1.28 22.22 0.62 1.18 20.44 0.46 1.19

data’ M0 24.18 0.68 1.03 22.20 0.71 0.94 20.42 0.42 1.02

E0 24.08 0.70 1.17 22.14 0.65 1.12 20.37 0.55 1.20

1-h running B1 24.32 0.81 1.63 22.29 0.77 0.99 20.44 0.51 1.47

mean M1 24.31 0.64 1.24 22.17 0.64 1.19 20.39 0.44 1.17

E1 24.13 0.77 1.79 22.04 0.62 1.59 20.32 0.60 1.66

3-h running B3 24.36 0.69 1.21 22.21 0.55 0.97 20.45 0.53 0.93

mean M3 24.21 0.74 0.92 22.15 0.50 0.86 20.36 0.42 0.87

E3 24.13 0.97 1.58 22.19 0.86 1.38 20.25 0.55 1.37

Table 7.2 Inter- and intraindividual standard deviation of circadian cycle length in Syrian hamsters of
three genotypes, determined from general activity rhythm by Passive Infrared sensing according to 12
different phase markers. Smallest standard deviations are highlighted in bold type.



in cycle length. This serial correlation reflects the extent to which an occasional long

cycle is compensated by the following short cycle. Strong compensation, i.e., a more

negative serial correlation coefficient, would indicate that most of the observed variance

is due to peripheral, not clock-related processes. Since there were two minor, but irrita-

ting, typographical errors in the original derivation published by Pittendrigh and Daan

(1976a), we repeat the formal argument in appendix A. The bottom line of the deriva-

tion is that the variation in pacemaker periods can be estimated by s(τ) = s (t) √(1+2rs),

where s(t) is the standard deviation of observed cycle lengths, and rs is the serial correla-

tion between consecutive cycles. Likewise, the variation in peripheral processes is esti-

mated by s(w) = s (t) √(- rs). Obviously, this partitioning of variance works only as long

as -0.5 < rs < 0: With positive serial correlation there is no compensation, with rs < -

0.5 there would be overcompensation. We emphasize that s(t) is not the same measure

as the phase variation (around the regression) used in tables 7.1 and 7.2. 

Partitioning of the variance was done for all phase markers on the basis of all acto-

grams where at least five consecutive cycles could be measured, i.e., complete runs with

at least six phase markers. Runs with fewer data were discarded. The resulting number

of data sets on midpoints of activity (which require both onset and end) was too small to

retain these in the analysis. For the remaining 7 phase markers (C, B0, B1, B3, E0, E1, E3)

the average values for s(t) and rs are presented in table 7.3, along with the calculated

estimates of s(τ) and rs. The omission of some runs because a phase could not be deter-

mined explains why the numbers reported in table 7.3 are often slightly less than those

in tables 7.1 and 7.2.

The first conclusion from table 7.3 is that indeed nearly all the average rs values are

between the boundary values of -0.5 and 0. Hence there is good evidence for compensa-

tion and for the idea that non-clock related processes contribute to the variance in cycle

length. For wheel running records, the smallest variation in endogenous cycle length

(s(τ)) is obtained using the onset of activity in a 1-h or 3-h running average (Table 7.3).

For general activity (PIR) records obtained without wheels the Center of Gravity

method yields the most precise estimates of pacemaker cycle length. This corresponds

with the results obtained in table 7.2 in the sense that in non-wheel running activity

records a measure of central tendency of the activity - either activity midpoint or center

of gravity - yields the most precise phase marker.

In figure 7.3A, we have plotted the average rs values against average s(t) for each

combination of recording method/genotype/phase reference, yielding 60 data points.

The figure reveals that a clear negative association between s(τ) and rs. Figure 7.3B

demonstrates that the variation attributable to non-clock related processes (s(w)) increases
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steeply with increasing overall variation (s(t)), in fact more steeply than expected on the

basis of proportionality. The variation attributable to the underlying pacemaker (s(τ))

increases much less steeply with s(t) as a consequence of stronger negative serial correla-

tion (rs). Thus, phase markers leading to large variance in cycle length apparently overe-

stimate the variance in endogenous pacemaker cycle, and underestimate its precision.

With phase markers leading to small variance in cycle length this variance is much closer

to that of the pacemaker. This result gives an empirical reason why phase markers lea-

ding to the most precise measure should be preferred. 
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type marker Running activity (wheel) General activity (PIR)

n s(t) rs s(w) s(τ) n s(t) rs s(w) s(τ)

tau+/+ C 126 0.85 -.38 0.52 0.42 50 1.36 -.40 0.86 0.60

B0 105 1.13 -.31 0.63 0.69 44 2.27 -.37 1.38 1.15

B1 99 0.45 -.25 0.23 0.31 29 2.84 -.44 1.88 1.00

B3 100 0.61 -.30 0.33 0.39 27 1.72 -.32 0.97 1.04

E0 128 1.74 -.40 1.10 0.77 51 1.95 -.38 1.20 0.97

E1 121 1.92 -.46 1.30 0.55 47 3.15 -.44 2.10 1.07

E3 111 2.49 -.46 1.69 0.69 33 2.57 -.56 1.93 ~0

tau+/- C 316 1.00 -.34 0.58 0.57 92 1.33 -.38 0.81 0.66

B0 301 1.15 -.29 0.62 0.74 88 2.05 -.41 1.31 0.89

B1 297 0.67 -.29 0.36 0.43 85 2.73 -.44 1.80 0.96

B3 290 0.70 -.29 0.38 0.45 82 1.53 -.41 0.98 0.65

E0 314 1.90 -.40 1.21 0.83 92 1.77 -.42 1.16 0.69

E1 309 2.19 -.39 1.37 1.00 90 2.66 -.46 1.81 0.71

E3 303 1.22 -.42 1.55 0.95 84 2.32 -.49 1.63 0.33

tau-/- C 114 1.03 -.30 0.56 0.65 50 1.31 -.42 0.85 0.52

B0 113 1.25 -.28 0.66 0.82 50 2.39 -.40 1.26 0.91

B1 112 0.89 -.29 0.48 0.58 50 2.39 -.37 1.45 1.24

B3 106 0.86 -.28 0.46 0.56 43 1.45 -.38 0.89 0.72

E0 114 1.96 -.39 1.23 0.90 50 1.86 -.32 1.05 1.11

E1 113 1.98 -.31 1.11 1.22 48 2.71 -.41 1.73 1.17

E3 106 1.95 -.39 1.22 0.91 47 2.15 -.44 1.42 0.75

Table 7.3 Partitioning of the variance in cycle length in 7 different circadian phase markers, three
genotypes and two methods of activity recording (running wheel, and passive infrared).  For each case,
the table shows n (number of activity records where at least five circadian cycles were recorded), s(t)
(the average standard deviation in cycle length), rs (the average of the serial correlation coefficients cal-
culated in each run), s(w) (the computed standard deviation due to non-clock processes), s(t) (the com-
puted standard deviation due to clock cycle length) 



The association of precision with the tau mutation and with τ

On the basis of running wheel activity (phase marker B1) we obtained estimates of the

mean intraindividual standard deviation in overt rhythm cycle length (s(t)) of 0.45 h for

wild-type hamsters 0.67 h for heterozygotes and 0.89 h for homozygous mutants, corre-

sponding to estimates of standard deviation of underlying pacemaker cycle length (s(τ))

of 0.31, 0.43 and 0.58 h, respectively (table 7.3). The conclusion might be that wild-

types have more precise overt rhythms and more precise pacemakers than mutants. This

conclusion does not hold up with general activity (PIR) records where measures of preci-

sion turn out to be very similar between the genotypes (wild-type 1.36 h, heterozygote

1.31, homozygous mutant 1.31 h for the overt rhythm, and 0.60, 0.66 and 0.52, respec-

tively for the pacemaker; table 7.3). Apparently, the presence of a running wheel affects

not only which phase marker optimally represents the circadian system, but also the degree

of precision attained and the effect of the tau mutation on the cycle to cycle variance.
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Figure 7.3 A. The relation between mean standard deviation of cycle length and mean serial correlation
for each combination of phase marker and genotype, and with both methods of activity recording. B
The dependence of "clock" and "non clock" contributions to variation in cycle length. Data correspond
to Table 7.3.
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Within genotypes the variance further differs between animals expressing different

average cycle length. This is explored in figure 7.4 for wheel running activity in wild-type

Syrian hamsters using all ten phase markers we investigated. Figure 7.4 reemphasizes the

well known fact that for wheel running the end of activity is more variable than the onset,

while the midpoint is by logical consequence intermediate. Less trivially, all markers show
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Figure 7.4 Dependence of precision of 10 phase markers on τ in wild-type hamsters.
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the U-shaped relationship between circadian period and variance observed previously by

others (Pitterdrigh and Daan, 1976b, Sharma and Chandrashekaran, 1999). This is more

pronounced for the B (onset) and E (end) phase markers than for M (midpoint).

Next, we have addressed the question of the association of precision with τ in all

three genotypes using the most precise phase marker, B1. Figure 7.5 plots these data,

now distinguishing between males and females, since precision in males tends to be

slightly better than in females. The same principle of a U-shaped dependence turns out

to hold for all genotypes. In all cases there is a significant positive quadratic component

contributing to the explained variance. Clearly  values in the middle of the range of each

genotype are associated with maximal precision. These U-curves are superimposed on a

general decline of variance going from  around 20 h (homozygous mutants) to  around

24 h (wild-type).

Discussion

The analysis presented in the first place underscores the importance of selecting the

phase marker yielding the most precise rhythm. In most circadian studies, the overt

rhythm is used to unveil properties of the underlying pacemaker. As demonstrated in

figure 3B, variation in precision of the overt rhythm is mainly due to periferal processes.
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Figure 7.5 Dependence of precision of the most precise phase marker (B0 for running wheel activity)
on τ in three genotypes of hamsters.
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The most precise rhythms most closely reflect the pacemaker. Hence a systematic search

for the phase marker yielding the most precise rhythm is far from futile.

For any particular species or recording method one phase marker may be optimal

(i.e., yielding maximal precision). This needs not be the same, however, for all methods

and species. We compared the behaviour of 10 phase markers for groups of hamsters of

three genotypes with two methods: wheel running and general activity by PIR sensing.

Consistently, in wheel running the onset yielded the most precise measure. With gener-

al, non-wheel running activity measures of central tendency (Center of Gravity and

Midpoint) perform better. Aschoff (1965) used to propagate the midpoint of activity as

the appropriate phase marker, albeit without much success. When running wheels beca-

me standard tools in chronobiology, researches have usually preferred the onset of acti-

vity as the phase marker of choice. Correctly so. For other means of recording Aschoff

may well have been right.

The onset of wheel running in wildtype hamsters produced the highest precision of

circadian cycles in our data set, with an average cycle to cycle standard deviation of

0.45-h (based on 1-h running means). From the average serial correlation of -0.25 in

this case the variation in pacemaker cycles is estimated at 0.31 h (table 7.3). With PIR

records obtained without wheels these estimates are about twice as large. The data thus

suggest that the use of a wheel by hamsters affects the precision of the circadian pacema-

ker. This would not be astonishing given the extensive evidence for feedback from

wheel running onto the pacemaker (Mrosovsky, 1999; Edgar et al., 1991). A study

directed at this issue comparing general activity rhythm precision in individuals with and

without a wheel would be required to firmly settle this issue.

A second issue well known but rarely specifically addressed in the chronobiological

community is the difference in precision between the sexes. The far majority of studies

on nocturnal rodents employs males. This avoids the sometimes 'scalloping' nature of

the activity rhythms seen in females and associated with the estrous cycle (Zucker et al.,

1980). Indeed we found cycle-to cycle variation consistently larger in females than in

male hamsters (figure 7.5).

The dependence of precision on the average  and on phase marker could be firmly

settled in our data set. Aschoff et al. (1971) claimed an increase in standard deviation in

activity onset and a decrease in activity end with increasing average . Others, working

with the onset only claimed the existence of a U shaped relationship. (Pittendrigh and

Daan, 1976a; Sharma and Chandrashekaran, 1999; Daan and Beersma, 2001). In our

data (figures. 7.4,5) we always find on average a U-shaped dependence, no matter which

phase reference is used, or which genotype or sex is studied. We surmise that the findings
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reported by Aschoff et al. (1971) deviated because they compared rhythms under diffe-

rent intensities of constant illumination, rather than spontaneous variations under the

same light intensity. Possibly the illumination indeed affected the pacemaker waveform

and thereby the precision of onset and end in opposite directions, as surmised by the

authors (Aschoff et al., 1971).

The main conclusion from figure 7.5 is that precision is always maximal for 's in the

middle of the range for the genotype. Hence maximal precision does not appear to have

something to do with the period of the earth's rotation (24-h) but with the middle of the

range realized. There may be two causes for this, which are not mutually exclusive. The

first is argued as follows: A circadian pacemaker is made up of an unknown number of

oscillators. In dispersed cell cultures electric potentials from individual cells oscillate in a

circadian rhythm (Liu et al., 1997). Their periods vary. In the intact SCN the individual

rhythms are presumably coupled. The more units participate, the more precise the

ensuing rhythm will be (Enright, 1980). It is possible that extreme short or long periods

are produced when some subgroups with such extreme periods dominate control of the

assembly. Indeed a model based on Evening- and Morning oscillators with different

dominance produces the U-shaped curve of standard deviation versus average cycle

length (Daan and Beersma, 2001). A second explanation is much more trivial: suppose a

variable is picked at random from a Gaussian distribution, and within each sample of say

10 picks the average and standard deviation are calculated. Averages found close to the

population average may be associated with both small and large sample standard devia-

tions. Extreme averages can only be associated with large sample variations. It is possible

to investigate this issue theoretically and evaluate the contribution of chance to the

observed U-curves. That is beyond the scope of the present paper.

Finally, while all three genotypes are congruous in the observed U-shape, and in the

excess variation of females (figure 7.5), there is a discrepancy in the level of precision

among them. Homozygote mutants have less precise circadian rhythms of wheel running

activity than wildtypes, with heterozygotes intermediate. Interestingly, this difference

disappears in the general (PIR) activity records (tables 7.1 and 7.2). Possibly the change

in precision attributable to feedback from wheel running activity is less in the tau

mutant hamsters than in wildtype. In a study on non-photic shifting in hamsters

Mrosovsky et al., (1992) have observed a considerable change in a phase of the non-

photic PRC as a consequence of the tau mutation. While there are necessarily a few

open ends in this study, it clearly demonstrates the importance of precisely and automa-

tically defining phase markers in the pursuit of underlying pacemaker properties.
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Appendix. (after Pittendrigh and Daan, 1976a with minor corrections)

If pacemaker periods are denoted as ô1, wake-up times as wi, and observed periods of

the rhythm as ti, it is clear that:

ti = τi – wi + wi+1

and

ti + ti+1 = τi + τi+1– wi + wi+2. 

Independent variations in w and τ would then lead to: 

σ2(t) = σ2(τ) + 2 σ 2(w) (1)

and

σ2(ti + ti+1) = 2 σ2(t) + 2covs (t) 

= 2 σ2(τ) + 4 σ2(w) + 2covs (t) (2)

where covs (t) indicates the covariance of successive observed periods of the rhythm.

Also,

σ2(ti + ti+1) = 2 σ2(τ) + 2 σ2(w), (3)

because of independence of τ1, τi+1, w1, wi+2.

From (2) and (3), it follows that

σ2(w) = - covs (t).

If in a sample covs (t) is estimated by r . s(t), with s(t) denoting the standard devation of

t, then the variances of w and τ are estimated by:   

s2(w) = - rs s2 (t)

s2(τ) = (1 + 2 rs) s2 (t).

thus,

s(w) = s (t) √(- rs)

s(τ) = s (t) √(1+2rs).
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CHAPTER8
Memory retention in wild-type and tau mutant Syrian

hamsters

Malgorzata Oklejewicz, Eddy A. Van der Zee, Menno P. Gerkema, 
Serge Daan

Zoological Laboratory, University of Groningen, The Netherlands

Behaviour (in press)

Rats are known to display a temporary deficit in memory function 6 h after training on a
learning task, a phenomenon known as the ‘Kamin effect’. Later studies showed that
maximal retrieval recurs in 24 h intervals after a single training and implied the role of
the circadian clock in the suppression of memory retrieval at non-24 h intervals. This
study aimed to investigate this further by analysing retention deficits following passive
avoidance training in the Syrian hamster. The availability of hamsters carrying the tau
mutation was exploited to address the role of the circadian system in periodic retention
deficits. It was expected that tau mutant hamsters with an endogenous circadian period
of approximately 20 h would have a high retention score at 20 h after training.
Surprisingly, deficits in retention were found at 12, 18, 24, and 36 h after training in
wild-type hamsters with best performance at 30 h after training. Tau mutant hamsters
had significant deficits in memory retention at 20, 24, and 30 h, and no clear periodicity
in retention could be observed. Step-through latency scores for mutant hamsters were
low at all times except training-testing intervals of 0.25 and 6 h. These results demon-
strate the absence of clear memory deficit oscillations in both wild-type and mutant ham-
sters, and may suggest in particular a long-term memory deficit in tau mutant hamsters.



Introduction

In 1957, Leon Kamin reported that rats exposed to a single-training passive avoidance task

showed a sharp temporary deficit in performance on a trial 1 and 6 h after training, but

perfect retention when tested 24 h after training (Kamin, 1957). The temporary suppres-

sion became known as the ‘Kamin effect’ (Denny, 1958) and was usually interpreted as a

transient memory dysfunction associated with the transfer from short-term to long-term

memory. Later studies by Holloway and Wansley (1973a) demonstrated that both the 6 h

deficit and the 24 h maximum in retention recur periodically in 24 h intervals. Such 24 h

oscillations were observed in several learning paradigms using passive avoidance

(Holloway and Wansley, 1973a), active avoidance (Holloway and Wansley, 1973b), and

appetitive learning tasks (Wansley and Holloway, 1975; Hunsicker and Mellgren, 1977).

There are indications that the periodic memory deficits may involve the circadian sys-

tem. Lesions of the primary circadian oscillator, the suprachiasmatic nucleus (Ralph et

al., 1990), eliminated the deficits in memory retention in a passive avoidance test: SCN-

lesioned rats tested at 18 and 30 h after training performed indistinguishably from rats

tested 24 h after training (Stephan and Kovacevic, 1978). A shift of the light-dark cycle

after training impaired rats’ performance both in passive and active avoidance tasks

(Davies, et al. 1974; Tapp and Holloway, 1981). Such shifts in the light schedule did not

affect exploratory behaviour or social activities and appeared specific for memory

(Fekete et al., 1985).

All these studies were performed in rats and it is of interest whether the pheno-

menon of multiple retention deficits also occurs in other rodent species. Establishing

such deficits in hamsters would allow us to evaluate the hypothesis that the circadian

system is involved by performing tests in mutants with modified circadian period. Thus,

the first aim of this study was to determine whether the periodic deficits in memory

retention occur in the Syrian hamster. Secondly, tau mutant Syrian hamsters were tested

to evaluate the possible role of the circadian system in memory retrieval. The tau muta-

tion is a single gene, semi-dominant mutation, which shortens the circadian period by 4

h in homozygous mutants (Ralph and Menaker, 1988; Lowrey et al., 2000) compared

with the period of circa 24 h in wild-type hamsters. If high retention at 24 h in wild-

type hamsters reflects the endogenous circadian periodicity, it might be expected that

tau mutant hamsters perform better 20 h after training than after 24 h. Evaluation of

these predictions should enhance our functional understanding of the circadian system.

The exploitation of the circadian system in memory function might contribute to the

adaptive significance of endogenous circadian timing (Daan, 1981).
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Material and methods

Male Syrian hamsters (Mesocricetus auratus) were obtained from breeding stock at the

Zoological Laboratory, Haren, The Netherlands. Wild-type (tau +/+) and homozygous

tau mutant (tau -/-) were obtained from crossings between heterozygous parents

(Oklejewicz et al., 1997). After weaning the circadian phenotype of each offspring was

determined by monitoring locomotor activity in constant dimly illuminated room (red

light < 0.5 lux).

All experimental hamsters (age 5-6 months) were housed individually in Plexiglas

cages (40  24  15 cm) lined with wood shavings and provided with ad libitum laboratory

rodent chow (standard Hope farm® pellets) and tap water. Wild-type hamsters were

entrained to a light-dark cycle of 12h light and 12h dark (LD 12:12) and tau mutant

hamsters were kept in LD 10:10 for at least 14 days prior the experiment (light source:

white light tubes, TLD 36W/85, Philips; illumination range 70 - 170 lux).

A step-through type of passive avoidance apparatus as described by Ader et al.

(1972) was used. It consisted of a dark compartment (40x40x40cm) separated by a sli-

ding door to an elevated, well-lit platform (2 x 25W light bulbs). The dark compartment

was equipped with a floor made from stainless steel bars, which allowed delivering a

scrambled footshock. 

Hamsters were trained in the light phase starting 2 h after lights on. During two con-

secutive habituation trials, hamsters were placed on the illuminated platform facing

away from the dark compartment. After stepping into the dark compartment the sliding

door was closed and 3 minutes of adaptation were allowed. On the third training trial, a

pre-shock latency was measured and after the door between compartments was closed a

scrambled, unavoidable footshock was delivered (0.6 mA) for 3 seconds. All three trai-

ning trials were conducted 24 h apart for tau +/+ hamsters and 20 h apart for tau -/-

hamsters. On the single testing trial, time spent on the illuminated platform (up to 300

s) was measured with a stopwatch and defined as post-shock latency. Hamsters with pre-

shock latency higher than 200 s were omitted from the test trial and considered as indi-

viduals without preference for the dark compartment (n=3). 

In total 86 tau +/+ and 72 tau -/- hamsters naive to the test were trained and tested.

They were randomly distributed among groups tested at different training testing inter-

vals (TTI) of 0.25, 6, 12, 18, 24, 30, and 36 hours (n=11, 16, 11, 14, 14, 11, and 9 for

tau +/+ hamsters and n=5, 7, 7, 7, 10, 9, and 7 for tau -/- hamsters, respectively). Tau

-/- were additionally tested at 20 h (n=7) and 26 h (n=13) TTI. Each hamster was tes-

ted only once after training.
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The study was performed under license DEC 2193 from the animal experimentation

committee, University of Groningen.

Step-through latency (STL) differences between groups at different TTI were tested

for significance with Kruskal-Wallis one-way analysis of variance on ranks and with

Dunn’s test for multiple comparisons with the 0.25-h group. Paired t-test or Wilcoxon

test, when appropriate, was applied to test the difference within individuals and Mann-

Whitney rank sum test to test for difference between genotypes. A value of p<0.05

(two-tailed) was considered statistically significant.

Results

Both genotypes preferred the dark over the illuminated compartment of the passive

shock apparatus. They spent significantly less time on the lit platform during the second

habituation trial (p<0.001, paired t-test) than during the first trial, independently of the

genotype (p>0.05, t-test). The pre-shock step-through latency (STL) varied from 7 to

138 s for tau +/+ hamsters and from 7 to 184 s for tau -/- hamsters with no difference

between genotypes (p=0.9, one-way ANOVA). Hamsters from both genotypes associa-

ted the dark compartment with the footshock, since latency of the 0.25 h group was

significantly higher than the latency for the training and pre-shock groups (p<0.01,
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Figure8.1 Mean latency of two habituation trials and the pre- and post-shock trials measured at trai-
ning-testing interval of 0.25 h in wild-type hamsters (tau +/+; n=11) and homozygous tau mutants
(tau -/-; n=5). Significant differences between trials are indicated with different letters. Trials not diffe-
rent from each other have the same letter.
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repeated measures ANOVA; figure 8.1). Groups tested at different TTI did not differ in

average STL during habituation trials (p>0.05, one-way ANOVA).

STLs of tau +/+ hamsters tested at TTI 6 and 30 h were not significantly different

from the group tested at 0.25 h (p>0.05, Kruskal-Wallis ANOVA and Dunn’s test). In

contrast, the performance was significantly impaired in groups of tau +/+ hamsters tes-

ted at TTIs of 12, 18, 24, and 36 h (figure 8.2A). For tau -/- hamsters, STL was indistin-

guishable among groups tested at TTIs of 0.25, 6, 12, 18, 26, and 36 h (p>0.05,

Kruskal-Wallis ANOVA and Dunn’s test). Groups tested at TTIs of 20, 24, and 30 h had

a significantly lower STL than at 0.25 h (p<0.05; figure 8.2B). 

The two genotypes of hamsters did not differ in STL at 0.25, 6, 12, 18, and 36 h

TTI intervals (p>0.2, Mann-Whitney test). Tau +/+ had a significantly higher latency

than tau -/- hamsters tested at 24 h and 30 h (p<0.001, Mann-Whitney test).
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Figure 8.2 Median step-through latency (STL) at pre-shock trial and at different training-testing intervals
for (A) wild-type hamsters and (B) tau mutant hamsters. Number of individuals per group is indicated
above bars. Grey area represents the dark period of a light-dark cycle. Statistical significance between
TTIs compared with 0.25 h TTI is indicated by a star. Error bars are the first and the third quartiles.
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Discussion

Syrian hamsters like rats and other rodents were capable of learning a passive avoidance

paradigm. They had a less pronounced preference for darkness since hamsters stayed

approximately three times longer on the illuminated platform during the pre-shock

training trial compared with rats (Holloway and Wansley, 1973a; Fekete et al., 1985). 

The findings reported in the literature regarding the best performance at approxima-

tely the same time-of-day as training (Holloway and Wansley, 1973a, b) were not fully

replicated in the Syrian hamster. In sharp contrast to rats, which have the best memory

retention at 0.25, 12, 24, 36 h after training, wild-type hamsters showed this only at the

short TTI of 0.25 h and at 6 and 30 h. At 6 and 30 h rats were reported to have impai-

red memory retention (Holloway and Wansley, 1973a, b).

Since wild-type hamsters showed a different pattern in performance than expected, it

is difficult to interpret the results obtained from tau mutant hamsters. Mutant hamsters

had significantly impaired retention performance at 20, 24, and 30 h after training.

However, STL scores appeared reduced at all TTIs. The pattern in figure 2B suggests

poor overall retention rather than specific oscillations in memory retention. Both geno-

types showed good performance at the short TTI indicating an intact short-term memo-

ry. Neither genotype showed the expected high memory performance after 24 h for tau

+/+ or after 20 h for tau -/- hamsters on the basis of the rat data. However, tau +/+

hamsters tested at a TTI of 30h had high average STLs, suggesting that long-term

memory performance is better in wild-type than in tau -/- hamsters.

The 24 h-oscillation in memory retention in rats depends on the circadian phase of

testing relative to the circadian phase of training, and not on circadian phase per se

(Holloway and Wansley, 1973b). Rats have better memory retention at multiples of a

half- and a whole circadian cycle after training, independently of time of day when trai-

ning took place. Wild-type hamsters on the other hand, seem to have better retention of

the shock experience at a certain phase of the circadian cycle, i.e. in the late subjective

day (‘Zeitgeber Time’, ZT 8-10), corresponding with TTIs at 6 and 30 h. Similar,

mutant hamsters performed better at time training intervals, which coincide with transi-

tion from light to dark (TTI at 6 and 26 h correspond with ZT 11-12; 18 h with ZT 0-

1, and 36 h with ZT 23-24). To test whether optimal memory retention is indeed loc-

ked to a certain phase of the circadian cycle, it would be necessary to train animals at

different times of day and test performance at different zeitgeber times.

It has been demonstrated that tau is a point mutation in the gene encoding for casein

kinase Iε (Lowrey et al., 2000). Casein kinase I has been implicated in the control of
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cytoplasmic and nuclear phosphorylation processes. Phosphorylation of cellular and

nuclear substrates is a crucial aspect in the formation of memory and a large variety of

kinases have been shown to be involved in learning and memory processes in tasks such

as passive shock avoidance (Van der Zee et al., 1994; Izquierdo and Medina, 1997;

Micheau and Riedel, 1999). It is tempting, therefore, to consider the possibility that long-

term memory, which requires a variety of cytoplasmic and notably nuclear processes, is

impaired in tau -/- hamsters due to the dysfunction in casein kinase I - dependent path-

ways.

Memory retention of the passive shock avoidance task depends on vasopressin levels

in the brain (see for review Laczi et al., 1984; Alescio-Lautier and Soumireu-Mourat,

1998;), putatively originating from the suprachiasmatic nucleus. Tau-/- hamsters have a

high baseline of vasopressin release with low circadian amplitude and fluctuation com-

pared to wild-type hamsters (Van der Zee et al., submitted). In addition to the caseine

kinase Iε mutation, these altered vasopressin levels in tau-/- hamsters may have contribu-

ted to poor memory retention.  

In conclusion, we found no evidence for periodic memory retention deficits at 6 h

and multiples of 12 h in wild-type Syrian hamsters. Tau mutant hamsters did not have

the expected high memory retention at times approximately equal to a full circadian

cycle after training. These results suggest that the phenomenon of deficits in memory

retention as a function of time after training may be expressed differently across rodent

species.   
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Vasopressin immunoreactivity and release in the

suprachiasmatic nucleus of wild-type and tau mutant
Syrian hamsters
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Despite the prominent role of the Syrian hamster (Mesocricetus auratus) as a model sys-
tem in studies of circadian rhythms, no data are available about the temporal dynamics
of the neuropeptide vasopressin (AVP), a major output system of the suprachiasmatic
nucleus (SCN). We studied the hamster SCN-AVP system in vivo across the light period
and in vitro using long-term organotypic SCN cultures. We additionally compared wild-
type and tau mutant hamsters with an endogenous circadian period of ~20h and ~24h,
respectively. No differences in the number of SCN-AVP neurons were found between
the two genotypes of hamsters studied at three time points across the light period of the
circadian cycle. A significantly higher level of AVP content, however, was found in the
SCN of wild type compared to tau mutant hamsters at the beginning and in the middle
of the light period (ZT0 and ZT6), but not at the end of the light period (ZT12). SCN
AVP cell number and content decreased significantly across the light period in wild-type
hamsters, but not in tau mutants. A significantly higher rate of AVP release per 24h was
observed from tau mutant SCN compared to wild-type SCN. Robust circadian oscilla-
tions in AVP release were not found in either type of hamster. These results suggest that
the SCN-AVP system of hamsters, irrespective of genotype, is relatively weak compared
to other species. Moreover, the tau mutation seems to influence the SCN-AVP system
primarily by enhancing the rate of AVP release. 



Introduction

The suprachiasmatic nucleus (SCN) of the laboratory rat and the Syrian hamster have

been model systems in the field of chronobiology (Hastings et al., 1996; Reuss, 1996)

since the discovery in the early ‘70s of this nucleus as the main circadian oscillator

(Moore and Eichler, 1972; Stephan and Zucker, 1972). Final, unequivocal proof for

this role of the SCN was provided by transplantation experiments using tau mutant

hamsters (Ralph et al., 1990). Most detailed anatomical and notably physiological data

of the SCN are derived from the rat, but most behavioral observations are obtained

from the hamster because of its high cycle-to-cycle circadian timing accuracy. Although

the location in brain, cytoarchitecture and retinal afferents of the SCN are identical in a

wide variety of mammals including rat and hamster (Cassone et al., 1988), minor diffe-

rences in neuropeptidergic organization were observed between these species (Moore

and Silver, 1998). The neuropeptide vasopressin (AVP), a major output system of the

SCN, is abundantly expressed in both species (Sofroniew and Weindl, 1980; Card and

Moore, 1984; 1991; Van den Pol and Tsujimoto, 1985; Kalsbeek et al., 1993; Ueda et

al., 1983; Wollnik and Bihler, 1996; Dubois-Dauphin et al., 1990). These studies show

that SCN-AVP neurons are more densely packed in rat than in hamster, and a separate

group of AVP neurons in the ventro-lateral subdivision of the SCN such as particularly

present in mouse SCN (Bult et al., 1992) is more pronounced in hamster (Card and

Moore, 1984; 1991) compared to rat. AVP-immunoreactivity (AVPir) fluctuates in the

rat SCN across the light-dark cycle, with high levels at the beginning of the light period

(Zeitgeber Time - ZT 0) and lower levels at the beginning of the dark period (ZT 12)

(Okamura, 1996). Hamsters kept under a natural LD cycle in April/May expressed more

SCN-AVPir in the middle of the light period compared to the middle of the dark period

(Schilling and Nûrnberger, 1998). To our knowledge, however, changes of AVPir in

hamster SCN across the light period has not been reported in literature. Most studies

describe detailed anatomical characteristics of AVPir with no information of time of day

(Dubois-Dauphin et al., 1990; Card and Moore, 1984; Miller et al., 1996; Sofroniew

and Weindl, 1980; Ueda et al., 1983; Kalsbeek et al., 1993), or restricted the analysis to

a small part of the LD cycle (Bult and Smale, 1999). 

AVP is released from the SCN during the light period, and protein levels are restored

during the dark period (reviewed in van Esseveldt et al., 2000). Rhythmic AVP levels

derived from the SCN have been measured in the cerebral spinal fluid of rats, guinea

pigs, rabbits, sheep, goats, cats, and rhesus monkeys (see for review Miller et al., 1996).

AVP release from rat SCN has been thoroughly studied using a variety of techniques,
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such as acute SCN slices (Earnest and Sladek, 1986; 1987), microdialysis (Kalsbeek et al.,

1995) or long-term organotypic SCN cultures (Shinohara et al., 1995). Micropunches of

rat SCN revealed essential the same AVP rhythm as the other methods (Inouye, 1996).

Surprisingly, however, no AVP release data are available from hamster SCN.

Here, we studied AVPir in the SCN across the light period and AVP release from

long-term organotypic SCN cultures in Syrian hamsters (Mesocricetus auratus).

Additionally, we compare normal, wild-type (tau +/+) hamsters with a circadian period

of ~24h with tau mutant (tau -/-) hamsters with a circadian period of ~20h (Ralph and

Menaker, 1988). Tau is a single, semi-dominant mutation in the gene encoding for

casein kinase I (Lowrey et al., 2000), a critical component of the mammalian circadian

clock. Levels of AVP mRNA are significantly reduced in the SCN of tau /- compared to

wild-type hamsters (Scarbrough and Turek, 1996). This difference may hint at a major

impact of this mutation on SCN-AVP regulation at the protein level as well. 

Materials and methods

Animals

Male Syrian hamsters (Mesocricetus auratus) were obtained from a breeding stock at the

Zoological Laboratory, Haren, The Netherlands. Wild-type (tau +/+) and homozygote

tau (tau -/-) mutant hamsters (F2 generation) were obtained from crossings between

heterozygous parents (F1 generation; Oklejewicz et al. 1997). All hamsters (age 5-6

months) were housed individually in cages (l x w x h = 40 x 24 x 15 cm) in a climate

controlled room at 23 ± 0.5 ºC. Food (standard Hope farms® pellets) and water were

available ad libitum. Tau +/+ hamsters were entrained to a light-dark cycle of 12h light

and 12h dark (LD 12:12) and tau -/- were kept in LD 10:10 for at least 14 days prior to

the experiment. Principles of laboratory animal care (NIH publication No. 86-23, revi-

sed 1985) were followed, and experiments were approved by the Animal

Experimentation Committee of the University of Groningen (Dec. No. 2091 & 2093).

Experimental protocol

Adult hamsters were used at three time points across the light period to establish

whether the level of AVP-immunostaining changes during the light period. 32 hamsters

(13 tau +/+ and 19 tau -/-) were sacrificed at the beginning (ZT0) of the light period,

and similar numbers at ZT6 and ZT12, respectively. 
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AVP  immunocytochemistry

Animals were deeply anesthetized with an overdose of sodium pentobarbital (900 mg/kg,

i.p.), followed by a quick dissection of the brain. Thereafter, brains were immersion

fixed for 24 hr in 4% paraformaldehyde at 4 °C. Subsequently, brains were stored in

phosphate buffer with 0.1% sodium azide. Before sectioning on a cryostat, brains were

cryoprotected in 30% sucrose phosphate buffer for 24 hr. Coronal brain sections were

cut at a thickness of 25 µm, and collected in phosphate buffered saline (PBS, pH 7.4)

and stored in this medium with 0.1% NaN3 at 4 °C until further processing. Brain sec-

tions were rinsed in PBS and pre-incubated with 0.1% H2O2 for 20 min, followed by

three rinses with PBS. Thereafter, brain sections were pre-incubated with 5% normal

goat serum and subsequently incubated overnight with the primary rabbit anti-vasopres-

sin antibody (1:100; ICN) at room temperature. Sections were preincubated again with

normal goat serum (5%), and incubated with biotinylated goat anti-mouse (1:200;

Zymed) for 2 hr at room temperature. After rinsing with PBS, the sections were exposed

to HRP-conjugated Streptavidin (1:200; Zymed) for 2 hr at room temperature. Triton-

X-100 (0.5%) was added during all incubation steps. Finally, the sections were processed

with diaminobenzidine (DAB)-H2O2 (30mg DAB/100ml PBS) under visual guidance.

Quantitative analyses of AVP immunoreactivity

AVPir was quantified in two complementary ways by counting AVP cells and by image analy-

sis. Quantitative analyses of either way described below were performed “blind” to the type

of hamster. Cell counts in brain sections were performed as described earlier (Bult et al.,

1992; Gerkema et al., 1994; Van der Zee et al., 1999). In short, AVP-positive SCN cells

were counted (left and right hemisphere were summed) in two sections containing the medial

SCN in the rostro-caudal axis. Optical densities (ODs) of AVPir were determined in the

SCN. The OD in the SCN was measured in the same two brain sections used for cell coun-

ting. The OD is expressed in arbitrary units corresponding to gray levels using a Quantimet

600 image analysis system. The value of background labeling was measured in a hypothala-

mic area devoid of AVP cell bodies, fibers or punctae. The OD of the area of interest was

related to the background value by the formula [(ODarea – ODbackground)/ODbackground],

thus eliminating the variability in background staining among sections.

Preparation of organotypic cultures

Pup SCN explants were cultured according to the organotypic slice culture technique

using the roller-drum method (Gähwiler, 1994; Van der Zee et al., 2000). In short, pups
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of 7 days old were deeply anesthetized with an overdose of sodium pentobarbital (900

mg/kg, i.p.) before decapitation. The brains were quickly removed and a block of hypo-

thalamic tissue containing the bilateral SCN was cut coronally in 400 µm thick slices

using a tissue chopper. Slices containing the SCN were trimmed and placed in Gey’s

balanced salt solution and cooled for two hours at 5 °C. The slice was embedded in a

plasma clot (10 µl chicken plasma and 10 µl thrombin) on a coverslip and placed in a cul-

ture tube with 700 µl of culture medium (25% horse serum, 45% Eagle’s basal medium

with 62 mM D-glucose and 4.16 mM NaHCO3, and 30% Hanks’ balanced salt solution

with 4.16 mM NaHCO3). The SCN slice was cultured at 36 °C with rotation (12 revolu-

tions/h). In all cases, the medium was replaced once or twice a week. The morphological

development of the cultures was followed daily by light microscopic inspection.

Drawings as well as photomicrographs were made by phase-contrast microscopy. After

ten days of culturing, samples were collected from each culture by changing the sample

medium (700 ml, consisting of 10% horse, 60% Eagle’s basal medium, and 30% Hanks’

balanced salt solution) every two hours for two days (25 time points). The collected

medium was immediately frozen in liquid nitrogen and stored at –20 °C until analysis. 

Radioimmunoassay for AVP

240 µl of each sample was analyzed with a highly sensitive radioimmunoassay (RIA) for

AVP according to Watanabe et al. (1988), with minor modifications. In short, we used

rabbit anti AVP (“Peter”, 3-10-1980; The Netherlands Institute for Brain Research,

Amsterdam) in a final dilution of 1:16.000. For each tube, 50 µl of Sac-cel solid phase

second antibody coated cellulose suspension (IDS, England) was used as precipitation

reagents. Standard curves ranged from 0.25 to 64 pg AVP per 50 µl and the assay had a

detection limit of 0.25 pg/ml. Cross reactivity of “Peter” besides AVP was 0.04% with

vasotocin, and <0.01% with oxytocin. 240 µl of all samples was analyzed in triplicate

(80 µl per tube). The interspecific assay coefficient of variation was 12%. To be able to

compare the total amount of AVP release between cultures analyzed in different RIAs, a

“calibration RIA” was performed. In this RIA four samples of each culture (with values

close to the average AVP release of that culture) were taken and analyzed in one RIA.

The outcome of the AVP concentration in the calibration RIA was then used to calibrate

all cultures. RIA data were further analyzed with different approaches to determine

whether peak values in AVP release, circadian periods and rhythmicity were present.

The number of peaks was determined by calculating the standard deviation of the avera-

ge of the relative values within an individual assay. When a relative value exceeded the

average plus > 2 standard deviations, it was considered to be a significant peak value. 
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Statistical analyses

Differences in AVP release between the genotypes were tested for statistical significance

by a Mann-Whitney U-test. Differences in AVP OD measures were tested by two-way ana-

lysis of variance followed by a post hoc Tukey test (Sokal and Rohlf, 1995). A probability

level of p < 0.05 was used as an index of statistical significance. All tests were two-tailed,

and all data are presented as means ± standard error unless mentioned otherwise.

Results

Spontaneous AVP release in vivo

Spontaneous, endogenous AVP release is maximal during the first half of the (subjective)

light period, and drops at the end of the (subjective) light period (see Introduction). To

test whether indications for spontaneous AVP release could be demonstrated immunocy-

tochemically, tau +/+ and -/- hamsters entrained to a 12:12 and 10:10 LD cycle,

respectively, were killed at ZT 0, 6, and 12. The expression of AVPir for both genotypes

at these time points is shown in Figure 9.1. AVP cells were predominantly found in the

dorsomedial part of the SCN, whereas AVP positive fibers and terminals were predomi-

nantly present in the dorsomedial and ventrolateral parts of the SCN. The parvocellular

AVP cells of the SCN were moderately to weakly stained, compared to the densely stai-

ned hypothalamic magnocellular AVP cells of the paraventricular nucleus, supraoptic

nucleus and nucleus circularis. AVP-positive fibers and notably terminals, however, were

densely stained in the SCN like seen in other hypothalamic regions. 

Cell counts of AVPir neurons in the medial SCN revealed that the number of detecta-

ble AVPir neurons did not differ between the two genotypes at any of the time points

studied (Figure 9.2A). However, the number of AVP neurons in tau +/+ hamsters was

significantly higher at ZT 0 compared to the other two time points (p<0.01). No such

ZT-dependent difference was observed in tau mutant hamsters (p>0.5). OD measures

(representing AVP content) in the same brain sections containing the medial SCN as stu-

died for the number of cells revealed a significant difference between the genotypes at

ZT0 and 6, but not at ZT12 (p<0.05; Figure 9.2B). AVP content differed significantly

between ZT0 and 12 in tau +/+ hamsters (p<0.05; Figure 9.2B), but not between ZT6

and the other time points. In contrast, no significant differences in AVP content across

the light period were found in tau -/- hamsters.
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Development and AVP release from SCN organotypic cultures 

The finding of differences in spontaneous AVP release across the light period between

the two genotypes raised questions about the regulation of AVP release, which could be

studied in more detail in vitro. Following explantation of the SCN at postnatal day 7,

the morphology of the cultures of tau -/- and +/+ hamsters was studied by means of

phase contrast microscopy on a daily basis until the beginning of sampling 12 days later.

In all cultures a clear morphological organization in ependymal zone, neuronal zone,

and dispersed cell zone was seen as described in literature for SCN organotypic cultures
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Figure 9.1 AVPir in the SCN of wild-type (tau +/+; a,b,c) and tau mutant (tau -/-; d,e,f) hamsters at
the beginning (ZT0), middle (ZT6), and end (ZT12) of the light period. Scale bar = 210µm.
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of other species (see Van der Zee et al., 2000, and references therein). No consistent dif-

ferences in development were observed between the genotypes, and the development

was similar to that described previously for wild-type hamsters with the exception that

these cultures developed more towards 1 to 3 layers of cells in the neuronal zone com-

pared to 3 to 5 observed previously  (Van der Zee et al., 2000). In the majority of cultu-

res (7 out of 9 tau +/+, and 6 out of 9 tau -/- cultures) a circulation of fluid in the epen-

dymal zone was present.

AVP release was measured over 50 h, with 2 h intervals. Two cultures of each genoty-

pe were discarded from analyses because they were (partly) lost during the sampling

procedure. Representative examples of 50 h AVP release profiles of both genotypes are

presented in Figure 9.3. The presence of significant peak values revealed no differences

between tau +/+ and -/- hamsters. Using statistical criteria for the presence of a peak in

AVP release of >1, 1.5, or 2 standard deviations above average levels of AVP release, all

cultures but one tau -/- culture at >2 standard deviations had significant peak values.

The number of peaks, depending on the criterion used, is shown in Table 9.1. No signi-

ficant differences were found in number of peaks between the genotypes.

After a calibration procedure (see Materials and methods), the total amount of AVP

release was obtained by summation of all AVP sample concentrations. Total AVP release

was significantly higher in tau -/- than in tau +/+ cultures (2.22-fold; p<0.01). Because

the endogenous circadian rhythm of tau -/- hamsters is ~ 4 h shorter than that of tau

+/+ hamsters, also in vitro (Davies and Mason, 1994), a correction was performed to

see whether the total amount of AVP still differed when expressed per predicted circa-

dian period. Also after this correction, tau -/- hamsters release significantly more AVP

(1.85-fold; p<0.05).
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Figure 9.2 Quantification of the number of AVP neurons at three time points (A) in two sections con-
taining the medial SCN and (B) the optical density values (AVP content) measured in the same sections.
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Figure 9.3 Representative examples of AVP release (in per cent of the mean level) of three wild-type
(left panel; a,b,c) and three tau mutant (right panel, d,e,f) hamsters; dashed line represents 1.5 standard
deviation.
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averaged number of significant peaks per culture:

based on >1 standard deviation 2.86 ± 0.37 3.00 ± 0.47

based on >1.5 standard deviations 2.00 ± 0.33 2.14 ± 0.37

based on >2 standard deviations 1.14 ± 0.16 1.00 ± 0.24

total amount of AVP released over 50 h (in pg) 406.07 ± 76.57 902.14 ± 102.23**

AVP released per predicted cycle (in pg) 194.92 ± 36.76 360 ± 40.89*

Table 9.1 Analyses of AVP release patterns from organotypic SCN cultures.



Discussion

Conclusions

The major findings reported here are (1) the significantly higher level of AVPir in the

SCN of wild-type compared to tau mutant hamsters at ZT0, (2) the absence of a decrea-

se in SCN-AVP cell number and content across the light period in tau mutant hamsters

in contrast to wild-types and (3) the significantly higher rate of AVP release per unit of

time from tau mutant SCN compared to wild-type SCN in the absence of robust circa-

dian oscillations in AVP release in both genotypes.

Features of the hamster SCN-AVP system

The results of AVPir reveal some of the dynamic properties of the hamster SCN-AVP

system across the light period. In general, the number of immunocytochemically detec-

table peptidergic SCN neurons is a direct reflection of the total amount of protein (such

as AVP) stored in the somata (Shinohara et al., 1993; Jansen et al., 2000; Van der Zee

et al., subm.). The number of AVP cells did not differ between tau +/+ and tau -/- ham-

sters. Therefore, the higher number of cells at ZT0 in tau +/+ hamsters is most likely

due to accumulation of newly synthesized and not yet released AVP, while AVP levels in

the cell bodies of tau -/- SCN (which have a two-fold higher rate of AVP release (as

shown in vitro) remain lower. Across the light period, AVP cell numbers in tau +/+

hamsters drop between ZT0 and 6 and AVP OD values (reflecting AVP content)

between ZT6 and 12. This time lack of alterations in AVP content can be explained by

transport of AVP from the somata to the axon and terminals, depleting the cell body of

AVP (and hence reducing the weakly stained cells below immunocytochemical detec-

tion) whereas total AVP content does not change clearly yet. Later in time, AVP is rele-

ased from the SCN, causing the drop in AVP content between ZT6 and 12. A similar

time lack between these two SCN-AVP parameters has been observed in mouse SCN

(Van der Zee et al., subm.).

AVP mRNA fluctuates in a circadian fashion in wild-type hamsters (Scarbrough and

Turek, 1996; Duncan et al., 2001), and a significant reduction in the amount of AVP

mRNA has been observed in tau mutant hamsters comparing circadian times 4 and 16

(Scarbrough and Turek, 1996). The tau -/- hamsters, however, had a lower amplitude at

these both time points. It should be noted that Scarbrough and Turek used Charles

River’s hamsters where wild-types and mutants were bred separately, whereas we used

hamsters of the Wright’s strain with both genotypes bred from heterozygous crossings.

Nevertheless, based on these mRNA data one could expect to find time-dependent
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changes at the protein level in both types of hamsters. Tau -/- hamsters, however, do not

show any sign of changes in protein content over time. This absence in tau mutant ham-

sters may indicate that a two-fold higher rate of AVP release from their SCN neurons is

too high to fully replenish AVP levels at ZT0 as seen in wild-type hamsters. Although it

remains to be determined that AVP mRNA fluctuates in our tau -/- hamsters, it also rai-

ses the possibility that AVP mRNA translation (or AVP feedback on its own production)

differs between the genotypes.

Species comparison

Shimomura and Menaker (1994) suggested that the coupling between individual oscilla-

tors of the circadian clock might be weakened by the tau mutation. The higher amount

of AVP released by tau mutant hamsters could be a compensatory action to enhance

internal synchronization of individual SCN cells, since AVP appears to play an impor-

tant role in determining the power of circadian rhythms (Ingram et al., 1996). In con-

trast to vole, mouse, and rat long-term organotypic SCN cultures (Jansen et al., 2000;

Van der Zee et al., submitted), no clear circadian fluctuation in AVP release was obser-

ved in either genotype of hamster. This suggests that the AVP system in hamster SCN is

less robust than that of the other rodents. Moreover, the absence of AVP reduction

across the light period suggests that specifically tau mutant hamsters have a weak SCN-

AVP system. If SCN-AVP mediates rhythmicity of locomotor activity in hamsters, it

would imply that tau mutant hamsters have a weaker circadian organization of behavior.

Indeed, tau mutant hamsters do show a less precise rhythm with higher fragmentation

of the rhythm (Osiel et al., 1998). Similar differences in precision of activity onset have

been observed in our tau mutant hamsters compared to wild type hamsters (Daan and

Oklejewicz, 2001), both with a similar genetic background.

The expression of circadian fluctuation in AVP release from hamster organotypic

cultures is relatively weak, irrespective of type of hamster. In SCN cultures obtained

from (rhythmic) voles (Gerkema et al., 1999; Jansen et al., 2000), rats (Shinohara et al.,

1995; Jansen et al., 2000), or mice (Van der Zee et al., submitted) explanted at similar

postnatal ages generally reveal clearer circadian AVP release profiles. This difference

cannot be attributed to a poorly developed SCN-AVP system of the hamster at the age

of explanting (postnatal day 7), since the hamster SCN develops at least as early

(Delville et al., 1994) or even earlier (Romero and Silver, 1990) than that of rat (de

Vries et al., 1981; Isobe et al., 1995), mouse (Herzog et al., 2000) or vole (K. Jansen,

unpublished observations). It may, however, be related to the relatively lower numerical

density of AVP neurons in hamster SCN (at least of those used in our laboratory where
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wild-type and tau mutant hamsters were bred from heterozygote tau mutant parents)

compared to the other species. Analyzed in brain sections, mice, voles, and rats have

approximately 8, 5, and 4 times more AVP neurons in the mid-SCN region compared to

wild-type hamsters at ZT0; Gerkema et al., 1994; Bult et al., 1992; Wollnik and Bihler,

1996). In monolayered organotypic SCN cultures, mice voles and rats have approxima-

tely 4, 2, and 1.5 times more AVP neurons (Van der Zee et al., 2000; submitted).

Additionally, poor AVP release rhythms of hamster SCN cultures may also be due to

phase-angle differences in AVP release rhythms among individual AVP cells. It has been

shown that circadian firing rhythms of individual SCN cells in culture can be out of

phase (Welsh et al., 1995).

The observation of the deviant nature of the SCN-AVP system of the tau mutant

hamster may indicate that casein kinase I (Lowrey et al., 2000) influences temporal

dynamics of AVP. From this point of view it is worthwhile to further scrutinize the

impact of this mutation on peptide regulation at the protein level, for example for vaso-

active intestinal polypeptide, somatostatin, or other SCN derived neuropeptides.
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CHAPTER10
Temporal organisation of hibernation in wild-type

and tau mutant Syrian hamsters

Malgorzata Oklejewicz, Serge Daan, Arjen M. Strijkstra

Zoological Laboratory, University of Groningen, The Netherlands

Journal of Comparative Physiology B (2001) 171:431-439

The temporal pattern of hibernation was studied in three genotypes of Syrian hamsters
with different circadian periodicity to assess a potential circadian control of alternating
torpor and euthermy. We recorded the pattern of hibernation by measuring activity in
continuous dim light and constant environmental temperature (6 ±1°C). In spite of dif-
ferences in the endogenous circadian period of three genotypes (tau +/+: ~24 h, tau
+/-: ~22 h, and tau -/-: ~20 h) torpor bout duration was statistically indistinguishable
(tau +/+: 86.9 ±5.3 h; tau +/-: 94.2 ±3.3 h; tau -/-: 88.8 ±6.2 h). The time between
two consecutive arousals from torpor showed unimodal distributions not significantly
different between genotypes. The first entry into torpor occurred within the active
phase of the circadian cycle in all genotypes whereas the first arousal from torpor appe-
ared to be timed randomly with respect to the prior circadian cycle. The amplitude of
the activity rhythm was lower after hibernation compared with the amplitude before
hibernation. The results suggest that in the Syrian hamster the circadian system does not
control periodicity of torpor and arousal onsets in prolonged hibernation at 6 °C. 



Introduction 

Hibernation greatly reduces energy expenditure in mammals during periods of extended

low environmental temperatures and food shortage (Geiser, 1988; McKee and Andrews,

1992). Hibernation consists of prolonged torpor bouts (TBs) with body temperatures

approaching the ambient temperature (Ta), interrupted by periodic bouts with euther-

mic body temperatures. The length of the torpor bouts varies between species (Geiser

and Ruf, 1995) and depends on several factors, such as time of a year (Daan, 1973;

Pohl, 1981; French, 1985), and environmental temperature (French, 1977; Strijkstra

and Daan, 1997). 

A recurring question in the hibernation literature is the involvement of the endoge-

nous biological clock in the timing of entrance into and arousal from torpor. The main

issue is whether the circadian pacemaker functions at low body temperatures. If its oscil-

lation continues and retains control over activity patterns, it may either be vastly decele-

rated (Berger, 1993) or run at temperature compensated circadian periods close to 24 h

and trigger arousal every second, third, or subsequent cycle. There is some evidence that

the circadian system is indeed involved in controlling the timing of torpor and arousal.

In light-dark conditions, several species (Syrian hamsters, Pohl, 1961; European ham-

sters, Canguilhem et al., 1994; Wollnik and Schmidt, 1995) enter torpor within their

nocturnal active phase but arouse from torpor at random times of day. In other studies

(e.g. garden dormouse, Daan, 1973; big brown bat, Twente and Twente, 1987), both

entry into torpor and arousal were restricted to certain phases of the daily cycle.

Limited information is available from studies performed in conditions of constant illu-

mination. Garden dormice, in constant darkness show circadian rhythmicity in arousal-to-

arousal intervals (Daan, 1973). In golden-mantled ground squirrels, Spermophilus lateralis,

free-running rhythms of arousal from hibernation could not be detected in constant condi-

tions (Twente and Twente, 1965). It is possible that these differences are related to body

temperatures during torpor. Rather high ambient temperatures (12°C in Daan’s 1973

study) lead to shorter torpor bouts (French, 1985). Circadian control of short torpor bouts

may be more conspicuous for several reasons: (i) circadian timing of shorter intervals is

statistically better distinguishable from random noise, (ii) the controlling pacemaker gra-

dually damps out in prolonged torpor, or (iii) the pacemaker persists with higher amplitu-

de at the elevated body temperatures characteristic for short torpor bouts.

A possible way to investigate the circadian control of torpor bouts is provided by

hibernators with deviating circadian cycles. The tau-mutant Syrian hamster (Ralph and

Menaker, 1988) provides this opportunity. The present study explores if the tau muta-
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tion indeed affects the temporal organisation of hibernation. If bouts of hibernation are

an extension of circadian cycles due to a deceleration of the circadian pacemaker at low

body temperature (Ruby et al., 1989; Heller et al., 1989), tau mutant hamsters, with a

free-running period of about 20 h, are expected to have a proportionally shorter torpor

duration compared with wild-type hamsters. 

Materials and methods

36 male Syrian hamsters (Mesocricetus auratus), age 9 months old were derived from a

breeding colony established at the Zoological Laboratory, Haren (Oklejewicz et al.,

1997).  Wild-type (tau +/+), heterozygote (tau +/-), and homozygote tau (tau -/-)

mutant hamsters  (F2 generation) were obtained by crossing heterozygous parents. The

phenotype was determined by monitoring wheel-running activity under constant dim

red light. The average circadian period for tau +/+ genotype was 24.2 ±0.2 h (S.E.M.;

n=12), for tau +/- it was 22.5 ±0.1h (n=12), and for tau /- 20.3 ±0.1h (n=12).

The breeding colony was maintained at LD 14:10 throughout and showed no signs

of seasonality. To elicit hibernation behaviour, hamsters (age circa 40 weeks) were first

group-housed and maintained under short day photoperiod, light-dark (LD) 8:16 and

ambient temperature Ta=21 ±2°C. After 4 weeks hamsters were transferred to a tempe-

rature-controlled experimental room (6 ±1°C). The persistence of a small amplitude

fluctuation with a 24 h period in Ta should be noted (Figure 10.1). This room was con-

tinuously illuminated by dim red incandescent light with light intensities less than 0.5

lux (constant darkness, DD). Here, all hamsters were individually housed in open-top

Plexiglas cages (l x w x h: 25 x 25 x 40cm) with externally attached Plexiglas nest boxes

(l x w x h: 12.5 x 12.5 x 9.5cm). Throughout the experiment, the animals had access to

food and water ad libitum, replenished at weekly intervals.

Recordings

Nest box temperature sensors and Passive InfraRed (PIR) motion detectors were used to

monitor activity and the pattern of hibernation. On the bottom of each nest box a tempe-

rature sensor was placed following the method described by Daan (1973). The nest box

temperature was recorded continuously at 1-min intervals. The recordings allowed us to

distinguish between torpor and the euthermic state in those animals that actually used the

nest box for hibernation (n=8). The beginning of a torpor bout was defined as the first

continuous slow decrease of the nest box temperature followed by a gradual monotonic
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decline towards prolonged hibernation temperatures. The end of a torpor bout was defi-

ned as the first increase in a gradual monotonic rise in nest box temperature (Figure 10.1).

PIR sensors (Wonderex FX-35, Optex , Torrance, Calif.) fixed on the top of the

cages monitored gross activity within the main cage. Data were collected in 2-min bins

by a PC-based event recording system. Some hamsters did not use the nest box for tor-

por episodes. In these animals, we used the first and last 2-min. interval of activity in

each bout as indicators of torpor and arousal onset. Two out of 12 tau +/+ hamsters

used in the experiment did not hibernate, all 12 tau +/- hibernated, and two out of 12

tau -/- did not hibernate, while 3 tau -/- died in the course of the experiment. Two other

tau -/- were omitted from the analysis because one had only three torpor bouts and the

other irregular torpor. The number of individual records available for torpor analysis

was therefore 10 tau +/+, 12 tau -/+, and 5 tau -/- hamsters.

Among these 27 hamsters, eight used their nest boxes as hibernaculum. Data collec-

ted on these individuals allowed calculating the TB duration on the basis of both nest-

box temperature recordings and activity data (Figure 10.1, Table 10.1). TBs calculated

from activity data were on average 1.6h (± 0.5h) longer than TBs calculated from the

nest-box temperature data. This was caused by the fact that the increase in body tempe-

Figure 10.1 Example of simultaneous nest-box temperature and activity recording. The horizontal line
indicates the definition of the torpor bout with torpor onset (❍) and arousal (�) marked. Room tempe-
rature is presented as a dotted line.
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rature precedes body movements as detected by the infrared sensors. Since there was no

difference between the three genotypes in the average TB duration based on both types

of measurements, we used the overall activity data for all presented parameters.

Statistics

Differences between the three genotypes were tested for statistical significance by one-

way analysis of variance and post-hoc Tukey test. Differences within individuals were

tested by paired t-test (Sokal and Rohlf, 1995). The angular-angular statistic (Zar, 1999)

was applied on the circular data of circadian timing. For correlation between times of

entry into and termination of torpor a modified angular-angular correlation was used

(Hut et al., 2001a). Raleigh’s test was applied for testing the uniformity of circular data,

the parametric paired Hotelling test for comparison between circadian times, the

Watson-Williams test for testing differences in circadian timing between genotypes. All

data are presented as means ± standard errors unless mentioned otherwise. Significance

was accepted at p<0.05 (two-tailed).

Results

Pre-hibernation period and hibernation season

The pre-hibernation period was defined as the number of days between first exposure to

the cold environment and the onset of the first TB. Wild-type hamsters had a slightly

longer pre-hibernation period than tau +/- and tau -/-hamsters (Table 10.2), yet genotype

ID n TB nest box TBactivity

tau +/+  # 2 12 108.9 (3.5) 111.9 (3.3)

tau +/+  #5 7 68.8 (5.7) 69.5 (5.9)

tau +/+  #6 9 51.6 (4.4) 52.2 (4.5)

tau +/-  #7 15 93.4 (3.0) 93.8 (2.9)

tau +/-  #32 13 85.3 (3.5) 87.0 (3.9)

tau -/-  #24 12 60.5 (3.2) 64.1 (3.4)

tau -/-  #27 9 67.2 (3.6) 70.2 (3.9)

tau -/-  #36 10 76.1 (2.6) 76.1 (2.7)

Table 10.1 The maximum torpor bout length (TB ±SEM; h) for subset of hamsters that hibernated in
the nest-box calculated for two recording methods: the nest-box temperature and activity counts
(n=number of TBs).
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did not significantly contribute to the explained variance in pre hibernation period

(ANOVA, p=0.5). The duration of hibernation in days between the first and last day in

torpor was not significantly associated with genotype (ANOVA, p=0.5; Table 10.2). The

same applies when duration of hibernation is expressed in number of circadian cycles

(tau +/+: average 59 cycles; tau +/-: 72 cycles; and tau -/- 82 cycles; ANOVA, p=0.09).

Body weight during hibernation

Before hibernation, tau +/+ hamsters were heavier  (157.8 ±6.6 g) than tau +/- (129.8

±6.0 g) and tau -/- (128.4 ±4.4 g) hamsters  (ANOVA, p=0.005) and this difference

persisted after hibernation (ANOVA, p=0.004). Weight loss during hibernation (19.2

±5.7g in tau +/+; 4.5 ±5.0g in tau +/-; 15.6 ±5.6g in tau -/-) was not significantly

associated with genotype (ANOVA, p=0.1).

Torpor bout duration 

TB duration for tau +/+ hamsters varied from 29h to 130h, for tau +/- hamsters from

29h to 117h, and for tau -/- from 39h to 111h. The TB duration increased steadily from

the first short TB, reached a ‘plateau’ level during mid hibernation, and decreased

towards the end of hibernation. Hamsters from all three genotypes followed the same

pattern, except one individual (#33- tau +/-, Figure 10.2) which did not show apparent

changes in TB duration. The relation between the sequence and duration of TB was

described by fitting a quadratic regression. We determined the maximum TB (TBmax) for

each individual from the fitted curve, as illustrated in Figure 10.2.

Table 10.2 Characteristics of temporal organisation of hibernation (mean ±SEM) presented for three
genotypes of hamsters.

tau +/+ tau +/- tau -/-

pre-hibernation period (days) 47.3  (3.3) 41.1  (3.8) 40.2  (9.8)

hibernation season (days) 58.8  (6.0) 66.0  (4.6) 68.4  (8.9)

torpor bout duration, TBmax (h) 86.9  (5.3) 94.2  (3.3) 88.8  (6.2)

arousal-to-arousal interval (h) 113.3  (3.9) 116.2  (2.9) 114.2  (4.1)

arousal-to-arousal interval (cycle) 4.7  (0.2) 5.3  (0.1) 5.7  (0.2)

CT of the first torpor onset 20.5  (0.7) 20.2  (0.8) 18.6  (1.5)

Amplitude of the activity rhythm:

- before hibernation 1.79 (0.20) 2.39 (0.13) 2.34 (0.39)

- after hibernation days 0-5 1.25 (0.14) 1.54 (0.13) 1.82 (0.32)

- after hibernation days 5-1 2.48 (0.53) 1.92 (0.25) 1.77 (0.21)
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Genotype did not contribute significantly to the variance in TBmax (ANOVA, p=0.5;

Table 10.2). The average number of torpor bouts during hibernation was smaller in tau

+/+ hamsters (12.6 ±0.9) than in tau +/- (16.2 ±0.7) and tau -/- hamsters (15.8 ±1.8;

ANOVA, p=0.02). This maybe related to the fact that tau +/+ hamsters had slightly

shorter (though not significantly so) mean duration of hibernation.

Figure 10.2 Examples of the relationship between torpor bout duration and sequence of torpor bouts in
the course of hibernation for five individuals from each genotype, wild-type (+/+), heterozygote (+/-),
and homozygote tau mutants (-/-). The fitted quadratic function is shown as a line and the maxima as
open circles.
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Arousal-to-arousal interval

Frequency distributions of arousal-to-arousal intervals are shown in Figure 10.3. For none

of the three genotypes and individual data, the distribution is convincingly multimodal. As

with torpor bouts, arousal-to-arousal intervals changed in the course of hibernation. The

first and the last intervals were more variable than in the middle of hibernation (examples

Figure 10.3 Frequency distribution (in 2h-bins) of arousal-to-arousal intervals for three genotypes of
hamsters. Width of the abscissa is 7 circadian cycles in each case. For each genotype all data for 5 indi-
viduals with the highest number of hibernation bouts are presented.
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in figure 10.5). For each individual, the average arousal-to-arousal interval was calculated

as the average of the five longest intervals. Between the three genotypes, arousal-to-arou-

sal intervals did not differ significantly (ANOVA, p=0.8; Table 10.2). When expressed as

the average number of completed circadian cycles between two consecutive arousals, the

arousal-to-arousal interval differed significantly between genotypes (ANOVA, p=0.002)

with a smaller number of cycles for tau +/+ hamsters compared with tau +/- and tau -/-

hamsters (Table 10.2).  

Onset of torpor and arousal

The first torpor bout may be of particular significance for the question of circadian con-

trol of torpor since they are typically shorter (figure 10.2) and body temperature often

does not drop as far as during the middle of hibernation (Hut et. al., 2001a). We there-

fore analysed timing of the first two bouts. Circadian time (CT) for the onset of the first

torpor bout was calculated for 6 tau +/+ hamsters, 9 tau +/-, and 5 tau -/- hamsters.

The remaining individuals had fewer than five activity onsets in DD before hibernation

onset available to establish the circadian time. The activity onset (CT 12) was defined as

the upward crossing between a short and long running mean (6h and a 24h for tau +/+,

5.5h and 22h for tau +/-, and 5h and 20h for tau -/-, respectively) of the original activi-

ty counts (Meerlo et al., 1997). Circadian time of torpor and arousal onset was determi-

ned from the number of circadian hours after the last activity onset at CT 12. 

All individuals entered their first torpor during the subjective night (between CT 12

and CT 24; figure 10.4). The average circadian time of first torpor onset did not vary

between genotypes (Watson-Williams test; F(2,17)=1.496; p=0.25). The onset of first

arousal was not restricted to a particular circadian phase for any of the genotypes (figure

10.4A). There was no significant correlation between onset of the first torpor bout and

arousal for any of the three genotypes (r=0.07 for tau +/+, r=0.11 for tau +/-, and

r=-0.20 for tau -/-; p>0.3). 

The timing of the second TB showed more variation with respect to phase of the cir-

cadian cycle than entry into the first TB (figure 10.4B), although CT for onsets into first

and second torpor bouts did not differ significantly neither in tau +/+ hamsters

(F(2,4)=1.95, p=0.3, Hotelling test), nor in tau +/- and tau -/- hamsters (F(2,4)=1.75,

p=0.2; F(2,4)=8.40, p=0.06).

The circadian rhythm before and after hibernation

The amplitude of the activity rhythm before and after hibernation is presented in Table

10.2. Before hibernation, hamsters had a higher activity counts than after hibernation
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(Figure 10.5). The amplitude of the activity rhythm was calculated as the difference

between maximum and minimum of the short running mean and divided by the long

running mean of activity counts. Wild-type hamsters had a higher amplitude of the acti-

vity rhythm before hibernation compared with the first 5 days after hibernation (n=7;

t=3.39, p=0.02; Table 10.2). The amplitude after day 5 after hibernation was not signi-

ficantly different from pre-hibernation values (paired t-test, t=1.11; p=0.3). Tau +/-

hamsters showed a similar pattern: lower amplitude during the first 5 days after hiber-

nation (n=9; t=6.74; p=0.0001) and restoration of the amplitude between days 5-10

(paired t-test, t=1.81; p=0.1). Tau -/- hamsters showed a similar change in amplitude,

although this decline did not reach significance (n=5; t=0.85; p=0.4). 

One individual from each genotype did not restore rhythmicity 10 days after hiber-

nation. For the rhythmic animals the post-hibernation free-running circadian period did

not differ from the pre-hibernation period (example figure 10.5). 

Discussion

Hibernation pattern

All three genotypes of hamsters are capable of hibernation in captivity. They showed a

regular pattern of TB duration, with a steady increase towards the middle of hibernation

and a subsequent decrease at the end of hibernation. Similar patterns have been described

for other hibernators, including ground squirrels (Grahn et al., 1994), European ham-

sters (Canguilhem et al., 1994; Wollnik and Schmidt, 1995), and dormice (Daan, 1973). 

Figure 10.4 A. The circadian time (CT) of onsets of the first torpor bout (❍) and first arousals (�). B.
CT of onsets of the second torpor bout (�) in relation to onset of the first for individuals from three
genotypes (wild-type tau +/+, heterozygote mutants tau +/-, and homozygote mutants tau -/-).
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Testicular regression, presumably elicited in our experiments by the initial exposure

to short days, is essential for the induction and maintenance of hibernation in Syrian

hamsters (Frehn and Liu, 1970; Jansky et al., 1984). Mutant hamsters complete testicu-

lar regression about 1.4 weeks earlier than wild-type hamsters (Loudon et al., 1998).

Thus, we might expect mutant hamsters to initiate hibernation earlier than wild-type

hamsters. Although on average tau -/- started to hibernate 7 days earlier than tau +/+

Figure 10.5 Three representative double plots of euthermic arousals and of activity records during ten
cycles before and after hibernation for wild-type (tau +/+), heterozygote (tau +/-), and homozygote
tau mutant hamsters (tau -/-). Dots indicate each onset, and lines indicate the duration of euthermic epi-
sodes during hibernation.
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hamsters, this difference was not significant. The pre-hibernation period exceeded 43

days for all genotypes, which corresponds reasonably with 40-50 days (Jansky et al.,

1984) and with 57 days (Lyman, 1954) in wild-type Syrian hamsters. 

The spontaneous duration of hibernation did not differ between genotypes and las-

ted on average 64 days, considerably shorter than the 95 days reported by Lyman

(1954) for hamsters held at 5°C in a light-dark cycle. In the closely related Turkish ham-

ster, Mesocricetus brandti, hibernation even exceeded 149 days in constant dim light and

8°C (Pohl, 1981). 

Timing of torpor bouts

Hamsters of all genotypes entered their first torpor within the active phase and aroused

from this first torpor randomly across the circadian cycle. The onset of the second tor-

por bout was not clearly concentrated within the active phase, but also not significantly

different from the first torpor. The results resemble timing of entry into and arousal

from torpor in the Turkish hamster studied under LD conditions (Pohl, 1996) and in

the European hamster hibernating both in semi natural and laboratory conditions

(Wollnik and Schmidt, 1995; Waßmer and Wollnik, 1997). Similarly, in Syrian hamsters

studied in light-dark conditions (Pohl, 1961) about 90% of torpor bout onsets occurred

within the dark phase of a cycle whereas onsets of arousal were randomly distributed. In

deep hibernators, such as the European ground squirrel, only the onsets of the first and

second torpor bouts occurred within the active phase, whereas the onsets of arousal

were randomly scattered across the 24- h cycle (Hut et al., 2001a). 

Few studies have addressed the timing of torpor in constant light or dark conditions.

Twente and Twente (1987) reported arousal from hibernation in the big brown bat at a

fixed time of the day. In the golden-mantled ground squirrel, arousal occurred at fixed

phase angle of a body temperature cycle (Grahn et al., 1994). We however did not

detect in Syrian hamsters any signs of circadian regulation of onset and termination of

torpor bouts, other than first onset.

Amplitude of circadian rhythm after hibernation

The low amplitude of the activity rhythm during first days after hibernation suggests that

the circadian pacemaker may require a few cycles to restore the pre hibernation oscilla-

tions. Pohl (1981) also observed arrhythmicity after hibernation in the Turkish hamster.

In the European ground squirrel, the body temperature rhythm is initially decreased in

amplitude after hibernation in both natural and laboratory conditions (Hut et al., 2001a,

2001b). The reduction in rhythm amplitude may be viewed as circumstantial evidence
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that the circadian pacemaker does not fully function at low body temperatures during

hibernation, and requires recovering in euthermic condition afterward.

Circadian rhythmicity during hibernation

In golden-mantled ground squirrels, the suprachiasmatic nucleus (SCN) shows a higher

metabolic activity during hibernation compared with most other brain areas (Kilduff et

al., 1989). Since the SCN is the primary circadian pacemaker in mammals (Ralph et al.,

1990), this might suggest that indeed the circadian system is active during hibernation.

Although a study in dormice at a temperature of 12°C and constant light indeed provi-

ded evidence for circadian control of torpor cycles (Daan, 1973), the present study did

not reveal such evidence in hamsters hibernating at 6°C. In spite of the difference in cir-

cadian period, the three genotypes had essentially similar timing and duration of torpor

bouts, consistent with the absence of a circadian contribution to the control of torpor.

Conclusions from previous reports on circadian control of timing of torpor during

hibernation are summarized in Table 10.3. In some cases, data or analysis were incon-

clusive as indicated by a question mark. The majority of studies performed in LD condi-

tions show rhythmicity in the timing of torpor bouts independently of ambient tempera-

ture (table 10.3, top panel). In some physiological variables, e.g. the plasma melatonin

concentration in hamsters (Vanevcvek et al., 1984; 1985) and marmots (Florant et al.,

1984), no circadian rhythm could be detected in hibernation. The persistence of rhyth-

micity in LD and natural photoperiod (NP) conditions may of course be attributed to

exogenous variables and provides no evidence for control by the circadian pacemaker. 

In studies in constant light conditions, the results are less consistent (table 10.3). The

detection of rhythmicity in DD is considerably more difficult than in LD since the

timing of torpor bouts can not be easily related to a particular phase of a circadian cycle

throughout hibernation. Garden dormice (Daan, 1973) and pocket mice (French, 1977)

showed behavioural rhythmicity in constant conditions. In the dormice torpor bouts

were recorded at a rather higher (12°C) ambient temperature; in the pocket mice the

majority of torpor bouts lasted only 1 day or 2 days. Rhythmicity in short torpor bout

duration is more easily distinguished from random noise. In the golden-mantled ground

squirrel oscillations in body temperature within a torpor bout have been found (Grahn

et al., 1994), but it is unknown whether such rhythmicity affects arousal-to-arousal

intervals. For the European hedgehog, we re-analysed data presented by Krisoffersson

and Soivio (1964, 1967) and found a multimodal distribution of arousal-to-arousal

intervals with peaks roughly every 24h. This contradicts the conclusion of authors that

“the timing of spontaneous arousals and entries into deep hypothermia does not confirm
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Table 10.3 Overview of studies on rhythmicity during hibernation in light-dark (LD) or natural photo-
period (NP) and constant darkness (DD) sorted by the decrease in ambient temperature (NT-natural
ambient temperature). Rhythmicity in hibernation was divided into three groups on base of parameter
measured and analysed: A-rhythmicity in entry into hibernation, B-rhythmicity in arousal from hiberna-
tion, and C-circadian oscillations in physiological parameters; (‘+’ persistence of rhythmicity, ‘-‘ absen-
ce of rhythmicity, ‘?’ inconclusive). 

Rhythmicity

species Ta light condition A B C source

Mountain pygmy-possum NT NP + + Körtner et al. (1998)
3-10°C LD + +

European hamster NT NP + + - Wollnik & Schmidt (1995)

European hedgehog NT NP + + - Fowler & Racey (1990)

Marmot 15°C LD - Florant et al. (1984)

Syrian hamster 15°C LD + - Pohl (1961)

Garden dormouse 12°C LD + + Daan (1973)

Syrian hamster 11.5°C LD - Vanecek et al. (1984, 1985)

Turkish hamster 8°C LD ? ? Pohl (1987, 1996)

Pocket mouse 8°C LD + + French (1977)

Common dormouse 8°C LD ? ? Pohl (1967)

European hamster 8°C LD + + Waßmer & Wollnik (1997)

European hamster 6°C LD + Canguilhem et al. (1994)

Marmot 5°C LD - Florant et al. (1984)

California ground squirre 5-8 °C LD + + Strumwasser (1959)

Garden dormouse 12°C DD + + Daan (1973)

Golden-mantled ground squirrel 11 °C DD ? ? Twente & Twente (1965)
2°C DD ? ?

Golden-mantled ground squirrel 10°C DD + Grahn et al. (1994)

Little brown bat 9 °C DD + Menaker (1959)

Big brown bat 9 °C DD +

Pocket mouse 8°C DD + French (1977)

Turkish hamster 8°C DD ? ? Pohl (1981)

Common dormouse 8°C DD ? ? Pohl (1967)

Syrian hamster 7°C DD - - This study

European hedgehog 4°C DD + Kristoffersson & Soivio 
(1964; 1967).
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the possible continuance of the circadian rhythm during hibernation period”. In contrast

to most rodent hibernators, hedgehogs may forage during arousals. Whether the circa-

dian system maintains control over activity during hibernation may well differ between

species, as the function of circadian regulation must be related to benefits of circadian

timing in natural conditions. In species that forage during periodic euthermy (such as

the hedgehog, the pygmy-possum, the European hamster) circadian control over torpor

may well be of adaptive significance (Körtner and Geiser, 2000). 

In Syrian hamsters with different circadian period, we found no evidence for involve-

ment of the circadian system in the temporal organisation of hibernation. Possibly in

hamsters hibernating at higher ambient temperatures, where torpor bouts duration are

shorter, circadian rhythmicity might be detectable. Be this as it may, the data presented

here appear to definitely rule out the idea that a torpor – arousal cycle is simply a circa-

dian cycle slowed down by low temperature (Berger, 1993). The data are inconsistent

with the prediction from this hypothesis that tau mutant hamsters would have shorter

torpor cycle.
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CHAPTER11
Enhanced longevity in tau mutant Syrian hamsters,

Mesocricetus auratus.

Malgorzata Oklejewicz and Serge Daan

Zoological Laboratory, University of Groningen, The Netherlands

The single-gene mutation tau in the Syrian hamsters shortens the circadian period by
circa 20% in the homozygous mutant and simultaneously increases the mass specific
metabolic rate by 20%. Both effects might be expected to lead to a change in longevity.
To test such expectations, the life span of male and female hamsters from three genoty-
pes (wild-type, heterozygous, and homozygous tau mutants; all derived from heterozy-
gote crosses to maximize similarity of the genetic background) was recorded in constant
darkness. Male hamsters lived significantly longer than females: the overall average life
span was 96.9 ± 2.5 weeks (n=118) for males and 82.0 ± 2.1 weeks (n=99) for fema-
les. To our surprise male and female homozygote tau mutant hamsters lived significantly
longer rather than shorter compared to wild-types. For males the difference between the
two genotypes was on average 14% and for females 16%. The average life span of hete-
rozygote tau males was not different from wild-type males, whereas heterozygote tau
females were statistically not distinguishable from homozygote tau females. Male and
female wild-type hamsters were heavier than homozygote mutants throughout the entire
life span and heterozygote tau mutants had intermediate weights. There was no correla-
tion between body mass and life span and the causes of the extended life span in tau
mutant hamsters remain unresolved. 



Introduction

The circadian system is involved in the temporal organization of many physiological and

behavioral processes. During senescence, eventually leading to death, circadian rhythms

of most physiological parameters (e.g., sleep, body temperature, heart rate) are disrup-

ted. Age-related changes influence the amplitude of rhythms, the ability to entrain to a

24-h light-dark cycle or synchronize different rhythms. Conversely, some studies have

suggested that the manipulation of circadian rhythms might affect the life span.

Repeated phase shifts of a light-dark cycle or imposing light-dark cycles different from

their own rhythms have been shown to affect longevity adversely in plants (Ketellapper,

1960), flies (Aschoff, et al., 1971; Pittendrigh and Minis, 1972), and mice (Halberg and

Cadotte, 1975; Halberg et al., 1977, but see Nelson and Halberg, 1986). It is not

known whether the cycle length of circadian rhythms is in any way involved in determi-

ning life span.

The availability of genetic mutations affecting the period of circadian rhythms provi-

des a tool for further insight in the relationship of the circadian system and longevity. In

the Syrian hamster, the single autosomal tau mutation induces a 20% decrease in the

period of a free-running circadian activity rhythm in homozygote mutants (Ralph and

Menaker, 1988). The tau mutation also affects body mass and mass-specific metabolic

rate, of which the latter changes proportionally to the circadian frequency (Oklejewicz

et al., 1997, 2000). It is known that the metabolic rate, corrected for body weight, scales

inversely proportionally with life span when compared between mammalian species

(e.g., Calder, 1985). Indeed the ‘rate of living’ theory (Pearl, 1928) has postulated that

energy expenditure plays a direct role in regulating the rate of aging. Several lines of evi-

dence have yielded some support also for a negative effect of the energy demand placed

on the individual and its survival. Studies on food restriction have shown that a decrease

in energy intake in insects, fish, rats and mice increased their maximum life span

(Weindruch and Walford, 1988; Sohal and Weindruch, 1996). Turkish hamsters lived

considerably longer when allowed to suppress overall metabolism in hibernation (Lyman

et al., 1981). Poikilotherms such as Drosophila have decreased life spans parallel with

increased metabolic rates under high ambient temperature regimes (Miquel et al., 1976).  

Thus, from two different lines of reasoning one might expect that homozygote tau

hamsters would live shorter than wild-types. A previous study on longevity in tau

mutant genotypes (Hurd and Ralph, 1998) indeed revealed a shorter life span of hetero-

zygote tau hamsters. This might however be attributed to the 24 h light-dark cycle ani-

mals were exposed to, which required large daily phase shifts to maintain entrainment.
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To avoid this problem we have therefore examined life spans of the three genotypes and

of both sexes of hamsters exposed to constant darkness and temperature conditions

throughout theirs lives. 

Materials and methods

Male and female Syrian hamsters (Mesocricetus auratus) were derived from a breeding

colony established at the Zoological Laboratory, Haren (Oklejewicz et al., 1997). Wild-

type (tau +/+), heterozygote (tau +/-), and homozygote tau (tau /-) mutant hamsters

(F2 generation) were obtained from crossings between heterozygous parents (F1 genera-

tion). After weaning (at circa 30 days of age) all hamsters were injected with identifica-

tion transponders (ID100, Trovan; dimensions: 2.1x11.5 mm). The animals were then

transferred to wheel running recording cages in a constant dimly illuminated room (red

light < 0.5 Lux). Here the phenotype of each individual was determined by monitoring

locomotor activity for at least one week. The circadian period was determined by chi-

square periodogram analysis of the activity record (Sokolove and Bushel, 1978).    

Altogether, 40 litters of the F2 generation were screened, which yielded 94 tau +/+

hamsters, 186 tau +/-, and 67 tau -/- hamsters of both sexes. This frequency distribution

of the three genotypes significantly differed from the expected 1:2:1 ratio (χ2=6.3;

p=0.04). This is caused by a slightly smaller number of tau -/- hamsters than expected.

60 homozygote mutants, 80 randomly selected heterozygotes and 77 wild-types were

used in the study. The average circadian period for the tau +/+ hamsters used in the

experiment was 23.9 ±0.3 h (SD), 22.1 ±0.3 h for tau +/-, and 20.2 ±0.4 h for tau -/-

hamsters.  

After phenotype screening, the experimental animals were transferred to permanent

living cages (l x w x h = 45 x 25 x 14 cm) a temperature-controlled experimental room

(25 ±0.5°C). The room was continuously illuminated by dim red light with intensities

varying from 0.1 to 0.6 lux (DD) throughout the entire duration of experiment. The

warm ambient temperature was chosen to prevent the occurrence of seasonal hypother-

mia (see Oklejewicz et al., 2001a). Hamsters were group housed with 4 individuals of

the same sex and genotype per cage. Food and water were available ad libitum, replenis-

hed at weekly intervals. All cages were inspected three times a week for the occurrence

of a spontaneous death. There was no indication of pathogenic causes of dead animals.

All animals were weighed once per week until the age of 20 weeks, then every one or

two months for the rest of their lives. 
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All data are presented as mean ± standard error unless mentioned otherwise.

Differences in survival between groups were tested using the Cox regression method

with Wald statistic (SPSS for Windows). The Pearson product-moment correlation coef-

ficient was computed to test the linear association between body weight and life span.

All tests were two tailed, with significance accepted at p<0.05, two-tailed. 

Results

The age specific survival curves for male and female hamsters of the three genotypes

starting at weaning are presented in figure 11.1. Female hamsters of all genotypes lived

shorter than males. The life span pooled over genotypes ranged from 28.9 to 129.9

weeks (n=99; mean: 82.0 ± 2.1 weeks) for females and from 23.0 to 144.6 weeks

(n=118; mean: 96.9 ± 2.5 weeks) for males. We tested the effects of sex, genotype, and
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Figure 11.1 Age specific survival curves for male and female Syrian hamsters of the three genotypes:
tau +/+ (wild-type), tau +/- (heterozygous mutant), and tau -/- (homozygous mutant). 
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the interaction between genotype and sex, on the rate of survival in a combined model

using the Cox regression method. The sex difference, with male hamsters outliving

females, was highly significant (W=37.5, df=1, p<0.0001). Genotype also contributed

significantly to the explained variance in life span (W=8.2, df=2, p=0.02; Table 11.1)

with no significant interaction between sex and genotype (W=3.2, df=2, p=0.2). Tau -/-

hamsters lived longer than tau +/+ hamsters (figure 11.1, Table 11.1). For males the

difference between genotypes was on average 14% and for females 16%. The average

life span of tau +/- genotype males was not different from tau +/+ males, whereas the

average life span of tau +/- females was statistically indistinguishable from tau -/- fema-

les (figure 11.1). 

Mean body weights throughout life span for male and female hamsters are presented

in figure 11.2. As previously reported for males only (Oklejewicz et al., 1997; Lucas et

al., 2000) both male and female hamsters from the three genotypes showed pronounced

differences in body weight. Homozygote tau mutants developed the lowest adult body

weight compared with wild-type hamsters. Heterozygote tau mutants were intermedia-

te. Among the three genotype males these differences in adult body weight (taken at

circa 25 weeks) were significantly different from random. Among females, tau +/- ham-

sters were not significantly different from the tau +/+ genotype but homozygotes weig-

hed significantly less. The decline in body weight at the end of life occurred at an earlier

age in females than males (figure 11.2). This reflects difference in the life span between

the sexes. 

Since homozygote tau mutant hamsters of both sexes weighed consistently less and

lived consistently shorter, we also analyzed whether there is an interindividual associa-
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sex genotype n mean survival age at 50% Maximal survival
(SEM) survival (SEM)

male tau +/+ 38 93.5 (4.7) 99 123.4 (2.0)

tau +/- 40 91.0 (4.2) 99 119.9 (2.9)

tau -/- 40 106.1 (3.7) 107 133.0 (1.9)

female tau +/+ 39 75.5 (3.6) 79 102.0 (3.9)

tau +/- 40 85.4 (3.1) 89 106.1 (1.8)

tau -/- 20 87.8 (4.1) 88 110.2 (6.7)

Table 11.1 Characteristics of survival (in weeks) in male and female hamsters; (wild type: tau +/+;
heterozygous tau mutant: tau +/-, and homozygous tau mutant: tau -/-). 



tion between these variables within each genotype. The relationship between adult body

weight and life span is shown for each sex and genotype in figure 11.3. In none of these

there was a significant correlation (p>0.1). Only for tau +/- females and tau -/- males a

slight non-significant negative correlation between body weight at 25 weeks and life

span was observed (figure 11.3). 

Discussion

This study confirmed the sex difference in the survival rate in the Syrian hamster pre-

viously reported by Kirkman and Yau (1972) and Stoll et al. (1997), as well as genotypic

differences in body weight (Oklejewicz et al., 1997, Lucas et al., 2000) which persisted

throughout their life. Male and female homozygote tau mutant hamsters - whose circa-

dian period is reduced by 17% - lived on average 15% longer than wild-types. Thus, the
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Figure 11.2 Body weight as a function of age for male and female Syrian hamsters: tau +/+ (wild-
type), tau +/- (heterozygous mutant), and tau -/- (homozygous mutant).
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hypothesis that life span is proportional to the circadian cycles length is not supported

by the results.

Besides its primary effect on the circadian period, the tau mutation influences the

timing of other biological processes. In contrast to the circadian effect, the tau mutation

appears to increase the cycle length of ultradian LH release (time scale of approximately

30 min.; Loudon et al., 1994), in a proportion similar to the increase in life span obser-

ved here. In the ultradian food intake cycle a similar decrease has been found as the

decrease in the daily activity cycle (Oklejewicz et al., 2001b). No effect of tau was found
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Figure 11.3 The relationship of individual adult body weight (at age of 25 weeks) and life spans in
males (closed symbols) and females (open symbols) Syrian hamsters.
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in infradian estrous frequency (Refinetti and Menaker, 1992a), nor in the timing of tor-

por-arousal cycles (Oklejewicz et al., 2001a). Clearly, the impact of the tau mutation on

the timing of other processes is not uniform. For some processes the effect is negative,

for some positive, and for others there is no effect. Especially rhythms in the infradian

time scale seem not to be affected by shortening of the daily cycle, or inversely as in the

case of life span. 

In a previous study on the longevity of the three genotype hamsters (Hurd and

Ralph, 1998) heterozygotes died sooner than the other two genotypes. This is clearly

different from our results. Our study was performed in constant dim light conditions,

while Hurd and Ralph kept their hamsters in LD 14:10. One might tentatively attribute

the differences between the studies to potential negative effects of repeated phase shifts

on life span, as reported for flies by Aschoff et al. (1971). Heterozygote tau hamsters

undergo large phase shifts of the circadian system day after day (Ralph and Menaker,

1988), and these repeated phase shifts might have been instrumental in causing the

decrease in life span observed in the heterozygotes. The circadian system of wild-type

hamsters requires much smaller daily phase shifts, while homozygote mutants do not

entrain to a 24 h LD cycle (Ralph and Menaker, 1988). Thus, the difference in the sur-

vival between the three genotypes in the Hurd and Ralph study may reflect the environ-

mental condition on top of a tau mutation effect. The average life span differed substan-

tially between the two studies. In our study in constant darkness the mean survival of

wild-type hamsters was circa 17 weeks longer than in the Hurd and Ralph study in LD.

For heterozygote and homozygote tau mutants this difference was about 38 weeks.

Although this might suggest higher survival in the constant darkness compared to LD for

the three genotypes, other differences between the studies may have also contributed. 

Among species of eutherian mammals, longevity increases with size with the same

slope (exponent circa 0.3) as the decline in mass-specific metabolic rate (Stahl 1962,

Daan and Aschoff, 1982). Although there is experimental evidence for negative effects

of energy turnover on life span, little is known on the spontaneous intraspecific associa-

tion between these variables. In a recent study on house mice Speakman et al. (2001)

observed a positive association between individual daily energy expenditure and natural

survival. We have previously reported that the metabolic rate in homozygote tau mutant

hamsters is higher than in wild-types and intermediate in heterozygotes (Oklejewicz et

al., 1997, 2000). Thus, the intra-specific relationship between energy expenditure and

longevity in hamsters is similar to that observed in mice (Speakman et al., 2001).

Oxidative stress has been postulated as the major causal factor of senescence limiting life

span (e.g., Sohal and Weindruch, 1996). Higher metabolic rates clearly would elevate
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oxidative stress. However, animals with increased energy turnover may also have more

energy to invest in antioxidant defenses, so that the outcome in interindividual compa-

rison may deviate from expectations built on experimental data.

The tau mutation was the first clock mutation discovered in mammals and so far

remains the gene most extensively studied with respect to timing of behavioral and phy-

siological processes. In the context of aging and survival, the properties of casein kinase

I epsilon (Lowrey et al., 2000), the product of tau gene unexpectedly show a positive

effect on life span in animals with both alleles mutated.  
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The tau mutation and non-circadian rhythms

Biological rhythms cover a wide range of frequencies, from milliseconds to years. In this

thesis we have shown that an allele described as altering the frequency of the circadian

oscillations simultaneously has multiple pleiotropic effects on the frequency of non-circa-

dian biological processes (table 12.1). Within ultradian range of oscillations (periods less

than a day) the shortening of circadian period did not have a single predictable effect.

The frequency of heart beats was the same for three genotypes of hamsters (chapter 5),

confirming the results of Refinetti and Menaker (1993). In contrast, the ultradian feeding

cycle was accelerated in homozygote tau mutants by 25% compared to wild-type ham-

sters (chapter 6). In the ultradian endocrine rhythm in luteinizing hormone (LH) and

cortisol Loudon et al. (1994) have reported a lower frequency tau mutant hamsters. 

There is no indication for a single specific brain site involved in the generation of

behavioural ultradian rhythms. The arcuate nucleus within the mediobasal hypothala-

mus is associated with the generation of some endocrine ultradian rhythms (Turek and

Van Cauter, 1994; Knobil and Hotchkiss, 1994; Hiruma et al., 1992). Ultradian perio-

dicities may be generated both outside and inside of the suprachiasmatic nucleus (SCN).

The multiple unit neural activity (MUA) from SCN in rats exhibits ultradian periods

ranged from 3.5 h in vitro to about 4 h in vivo (Mijer et al., 1997). The ultradian period

of feeding cycle and the pulsatile secretion of growth hormone (GH) show a similar

circa 4 h period (Richter, 1980). The number of ultradian cycles per 24 h was the same

for both feeding and hormone cycles (Tannenbaum and Martin, 1975; 1976; Richter,
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Process time scale tau -/- effect chapter

1/ metabolism -17% 2,3

Ultradian heart rate ≈ 150 ms 0% 5

ultradian hormonal cycle1 ≈ 30 min +20% -

ultradian feeding cycle ≈ 4 hr -25% 6

Circadian daily activity cycle ≈ 1 day -17% 7

Infradian estrous cycle 2 ≈ 4 days 0% -

torpor cycle ≈ 6 days 0% 10

Life span ≈ 2 years +15% 11

1 Loudon et al., 1994; 2 Refinetti and Menaker, 1992a.

Table 12.1 The effect of tau mutation on biological timing processes. 



1980). It is possible that these two cyclic phenomena are manifestation of the same

timing mechanism confined to the SCN. However, SCN lesions in the common vole

(Microtus arvalis) leave the ultradian rhythm of feeding intact, while lesions extending

to the retrochiasmatic area abolish all rhythmicity (Gerkema et al., 1990).

In MUA recordings in vivo of tau mutant and wild-type hamsters Yamazaki and co-

authors (1998) have shown ultradian frequencies in neural activity of ~1.5 h and ~0.25

h in the SCN which were indistinguishable between the two genotypes. This the ultra-

dian period of MUA in hamsters is dissimilar to that reported for rats and substantially

differs from the duration of the feeding cycle (about 4 h) or hormonal secretion (about

0.5 h). This would suggest that the generation of these different ultradian rhythms is not

confined to a single ultradian pacemaker in Syrian hamsters and point to multiplicity of

generation of the ultradian periodicities.

Long period rhythms are often referred as infradian rhythms. They are often related

to periodic reproduction and hibernation. Similar as with ultradian rhythms, the exact

role of the circadian system in generation and/or modulation of infradian rhythms is

unknown. Female rodents often display a 4-5 days estrus cycle in absence of external

time cues (Kent et al., 1968; Alleva et al., 1971). In hamsters, the circadian system con-

trols the production of LH, but the actual ovulation inducing LH surge occurs only

every fourth cycle (Fitzgerald and Zucker, 1976; Rusak and Zucker, 1979; Donham and

Stetson, 1991). The free running period of LH release hormone in homozygote tau

females is about 20 h (Lucas et al., 1999), but estrus takes place not every fourth cycle

but every fifth (Refinetti and Menaker, 1992a). The fact that the period of estrous cycle

is the same (of approximately 96 h) in hamsters with different circadian periods suggest

that estrous and circadian periodicity are generated by different mechanisms, even if

they are internally coupled.

Hibernation consists of prolonged torpor bouts with body temperatures approaching

the ambient temperature interrupted by periodic euthermy. The function of periodic

euthermy and the role of circadian system in triggering arousal and torpor are recurring

themes in the hibernation literature (see Strijkstra, 1999; chapter 10, table 10.3). In

chapter 10 we have shown that data on arousal-to-arousal frequencies in the three geno-

type hamsters do not support the hypothesis of a circadian system control over periodi-

city of torpor and arousal onsets in hibernation. 

Of all the rhythms studied only the periodicity of food intake turns out to be affected

by the tau allele in a similar manner to the effect on the circadian cycle. This may be a

consequence of circadian control over meal timing. It may, however just as well reflect

the proportionally increased metabolic rate of tau mutant hamsters.  

Synthesis

151



Circadian rhythmicity in tau mutant hamsters

There are several different properties of the circadian system in tau mutant hamsters on

top of the major effect on period length. The shorter circadian period seems to result

from shortening of the subjective day - the resting phase of circadian cycle (chapter 3;

Osiel et al., 1998; but see Scarbrough and Turek, 1996). The activity phase (α) increases

with prolonged time in constant darkness in tau mutants, mostly due to higher fragmen-

tation of an activity pattern. The rhythmicity in tau mutant hamsters has about twice

higher variation in the period length and in day-to-day activity onset (precision) compa-

red with wild-types (chapter 7). We have shown that decrease in the rhythm precision

can be attributed about equally to a decline in the pacemaker precision and to non-clock

peripheral processes. 

The characteristics of tau mutant rhythmicity observed at the behavioral level corre-

late with features of the output system from the suprachiasmatic nucleus (SCN). The

neuropeptide arginine-vasopressin (AVP) is a major output system of the SCN. AVP is

released in a rhythmic fashion, with high concentration during the subjective day and a

drop in level during the subjective night (reviewed in van Esseveldt et al., 2000). In tau

mutant hamsters in contrast to wild-types, the content of AVP in the SCN did not differ

across the time point measured in the light phase of the circadian cycle (chapter 9).

Wild-type hamsters, as most rodent species, release AVP in the SCN in the middle of the

subjective day. We did not observe such a oscillation in tau mutants. There was no diffe-

rence in number of AVP-immunoreactive neurons between genotypes. Consequently, a

higher rate of AVP release from tau mutant SCN per 24 h was observed in comparison

with wild-type SCN. 

It is not clear whether AVP plays a crucial role in generation of rhythmicity but it

affects the amplitude of the rhythm, entrainability to light-dark cycle, and period length

(Groblewski et al., 1981; Brown and Nunez, 1989; Murphy et al., 1993; 1996).

Additional evidence suggests that AVP may be involved in synchronization of activity of

the SCN neurons. 

Besides its involvement in modulation of circadian rhythmicity, the AVP level plays a

role in memory retrieval processes (Alescio-Lautier and Soumireu Mourat, 1998). The

hypothesis has been proposed and currently tested that AVP release from the SCN is

crucial for the timing of memory retrieval (B.A.M. Biemans, S. Daan, M.P. Gerkema,

E.A. Van der Zee, unpublished observation). As described in rats, the best memory

retrieval occurs at multiples of 24 h after the initial learning trial (Holloway and

Wansley, 1973a). This oscillation is not present in SCN-lesioned animals (Stephan and
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Kovacevic, 1978) and in AVP deficient Brattleboro rats (Biemans et al., in preparation).

Tau -/- hamsters with a high release level and low circadian amplitude of AVP showed

poor overall memory retention as well as no clear oscillation in memory retrieval in the

passive shock avoidance paradigm (chapter 8). 

In conclusion, the organization on the SCN level in tau mutant hamsters seems to be

less precise, possibly due to a lower degree of synchronization between neurons in the

SCN and resulting in the low amplitude rhythm of neuropeptide outputs from the SCN.

These may have consequences for the expression of overall rhythmicity at the behavioral

level.

Metabolism and growth in tau mutant hamsters

The tau mutation has a major impact on metabolism related processes. While shortening

the circadian period, it also proportionally enhanced resting and overall metabolic rate

per hour, hence it had no effect when expressed per circadian hour (chapter 2). The fee-

ding cycle, which reflects energetic requirements, has been shown to be dependent on

genotype (chapter 6). This led to two major hypotheses: (1) the tau allele dictates the

overall rate of metabolism through shortening the period of circadian oscillations or (2)

the tau allele exhibits independent pleiotropic effects on metabolic processes. To distin-

guish between these two hypotheses the length of the circadian period was manipulated

by deuterium oxide and changes in the metabolic rate were assessed. The ‘heavy water’

administration lengthened the circadian period in a predictable manner but no correla-

tion between the change in a period length and metabolic rate was found (chapter 3).

Thus, these results seem consistent with independent pleiotropic effects of the tau allele.

However, deuterium administration caused an effect on the circadian period about 30%

smaller than tau mutation, and the effect on metabolism might well have been too small

to detect. For this reason, I have been interested in seeing whether other genes affecting

circadian period would also modify metabolism.  

The clock mutation in mice produces in homozygous condition a long (about 28 h)

circadian free-running period compared with circa 24 h in wild-types (Vitaterna et al.,

1994). An example of wild-type and homozygous clock mouse running wheel activity in

constant darkness is presented in figure 12.1. These mice were kindly made available to

me by P. Meerlo, J.S. Takahashi, and F.W. Turek (Northwestern University, Chicago). I

have measured food intake over three trials, each two days long, and the mean intakes

are presented in figure 12.2. Homozygote clock mice had a significantly lower food
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intake per 24 h (corrected for body weight), but no difference in the amount of food

eaten per a circadian cycle (24 h and 28 h for wild-type and clock -/- mice, respectively).

Thus, mice with a longer circadian period had lower energy intake than wild-types but the

same per circadian cycle. This indeed supports the notion that the control of the energy

demand is partly regulated on endogenous time scale rather than on the 24 h scale.

Hamsters with both alleles mutated were shown to develop smaller body size compa-

red with wild-type hamsters (chapter 2). This effect led to a study on the contributions

of mother and pup genotypes to growth in a cross-foster design (chapter 4). It appeared
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Figure 12.1 Examples of running wheel activity in constant darkness for a wild-type (A) and a homozy-
gous clock mouse (B).
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Figure 12.2 Mass-specific food intake during 24 h (left panel) and during a circadian cycle (right panel)
in wild-type and homozygote clock mice. Error bars represent standard deviation.
NOTE: left panel: ***p<.0001; right panel p=.7 (t-test, two tailed)
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that both pup and dam genotypes contribute to the variation in growth and body

weight. Homozygote tau mutant dams weaned on average smaller pups than wild-type

dams. This difference remained present until adulthood. It is possible that body weight

differences between genotypes are consequences of (1) different energetic costs of main-

tenance, (2) discrepancies between the endogenous periods of dam-pup relationship,

and/or (3) different timing of ontogeny. 

In this context it is of interest that the maternal pacemaker is able to synchronize

offsprings very early in gestation: the entrainable circadian pacemaker is present in the

fetus of the Syrian hamster two weeks after fertilization (Davis and Gorski, 1988;

Reppert and Schwartz, 1986). Viswanathan and Davis (1992) have shown that activity

rhythms of heterozygote tau pups were not in phase with rhythm of their wild-type mot-

hers compared with wild-type pups. This means that within one litter of the F2 genera-

tion the three genotypes of pups have different phases of their circadian oscillations.

Possibly different maternal and offspring synchrony during gestation, when the phase of

rhythmicity is set, and later during lactation may be the cue to the maternal genotypic

effects on the growth and metabolism of offspring. The effect of the pup’s own genotype

on size (chapter 4) may again be considered a pleiotropic effect of the tau allele as dis-

tinct from an effect through the modified circadian cycle. Again, we have taken recourse

to the clock mutation in mice to see whether there is a relationship between circadian

period length and body weight development. We monitored body weight from the age of

50 days onwards in clock -/- mice. These homozygous mutant clock and wild-type mice

were produced by crossings of heterozygotes. As seen in figure 12.3, clock -/- mice with a

longer circadian period are significantly heavier than wild-type mice. Thus, as in the
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Figure 12.3 Body weight development in wild-type and homozygous mutant clock mice.
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three genotypes of hamsters, the endogenous circadian period is positively correlated

with body size. It is intriguing that the clock and tau mutations are changes in complete

different elements of the molecular mechanism in rhythm generation (King et al. 1997,

2000), yet produce a similar relationship on the length of circadian period and metabo-

lic processes. 

Finally, the increased metabolic rate in homozygous tau mutant hamsters would lead

to the prediction of a lower survival and shorter life span according to the rate of living

theory. The result is opposite to expectations. Homozygous tau mutant hamsters of

both sexes lived longer than wild-types (chapter 11). This result is highly intriguing. It

demonstrates that the mutation causing a severe maladaptation in behavior and physio-

logy, which would surely be rapidly weeded out by the natural selection in the hamster

real world, may yet enhance viability in a constant environment. We do not know why

this is the case. Possibly the leanness of the mutant’s body, itself a consequence of its

higher mass-specific metabolism resulting from the reduced rest part of the circadian

cycle, renders it fitter to survive into old age, an age probably rarely achieved in nature. 

In summary, this thesis has demonstrated that the tau mutation selectively accelerates

the circadian cycle and no other cyclic temporal patterns, except for the ultradian fee-

ding cycle. The feeding cycle is probably adjusted to the metabolic rate that is enhanced

in tau mutant hamsters, most likely due to selective reduction of the rest phase of the

circadian cycle. The enhanced metabolism had an expected effect of reductions in

growth, adult body size and adult mortality in homozygous tau mutants compared to

their wild-type siblings. So in the end, the circadian system is linked to some aspects of

the rate of living, albeit in complex, unanticipated ways.
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De “Snelheid van Leven” bij tau-mutante hamsters.

De temporele organisatie van gedrag en fysiologie in de meeste organismen is gebaseerd

op een inwendig gegenereerd 24 uurs patroon. Deze “circadiane” ritmiciteit is in de evo-

lutie ontstaan als aanpassing aan de aardrotatie. Naast de circadiane oscillatie treden er

biologische cycli op op allerlei andere tijdschalen. Er zijn ultradiane ritmes met een

periode korter dan 24 uur, zoals het hartritme, de ademhaling, maaltijden, en infradiane

ritmes met een periode langer dan 24 uur, bijvoorbeeld oestrus cycli en seizoensperiodi-

citeit. De snelheid van deze cycli varieert tussen soorten op een karakteristieke manier:

bij grote dieren langzamer dan bij kleine. De snelheid hangt samen met de stofwisselings

die de “rate of living” zou karakteriseren. De 24-uurs cyclus daarentegen is voor alle

soorten gelijk. In dit proefschrift wordt de vraag gesteld in hoeverre de biologische rit-

men op verschillende tijdschalen aan elkaar gekoppeld zijn. Hiervoor wordt gebruik

gemaakt van een genetisch model, de tau-mutatie bij de Goudhamster. Deze tau-mutatie

verkort de duur van de circadiane cyclus aanzienlijk. Homozygote tau-mutante hamsters

laten een circadiane periode zien van ongeveer 20 uur en heterozygote mutanten een

circadiane periode van ongeveer 22 uur, terwijl de wildtype hamsters, die geen tau-

mutatie hebben, een normale circadiane periode van ongeveer 24 uur hebben. De effec-

ten van deze tau-mutatie op een reeks gedragsmatige, fysiologische en metabolische pro-

cessen worden hier onderzocht. 

Binnen de ultradiane ritmen (periode korter dan 24 uur), hebben hartslagen de hoogste

oscillatie frequentie, met een periode gemeten in millisecondes. Het effect van de tau

mutatie op de hartslag frequentie werd gemeten. De drie hamster genotypes vertoonden

geen systematische verschillen in hun hartslag frequentie, noch gemeten in rust, noch

actief, noch in hun dagelijkse gemiddelde. Dus: hoewel de circadiane pacemaker dagelijk-

se oscillaties stuurt, controleert hij duidelijk niet de ultradiane frequenties van de hartcon-

tracties. Het ultradiane ritme van voedselopname met een periode van ongeveer 4 uur,

was gemiddeld 25 % korter bij homozygote tau gemuteerde hamsters, in vergelijking met

wild type hamsters. Als infradiaan ritme (met een periode langer dan 24 uur), werd de
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duur van de torpor-arousal cyclus tijdens winterslaap gemeten bij de drie hamster genoty-

pes. Winterslaap bestaat uit een lange torporfase met lichaamstemperaturen die de omge-

vingstemperatuur benaderen. Deze torporfase wordt periodiek onderbroken door een

eutherme fase, waarin de normale lichaamstemperatuur terugkeert. Aangenomen wordt

dat deze cyclus beinvloed wordt door het circadiane systeem. De drie hamster genotypes

hadden een overeenkomstige duur van de torporfase en van het arousal-tot-arousal inter-

val. Deze gegevens geven dus geen aanwijzing dat periodiciteit van de torpor-arousal

cyclus tijdens winterslaap onder controle zou staan van het circadiaan systeem.

De kortere circadiane periode bij tau gemuteerde hamsters lijkt het resultaat te zijn van

een verkorting van de “subjectieve dag”, de rustfase van de circadiane cyclus. De variatie

in circadiane periode tussen tau gemuteerde hamsters is ongeveer twee keer zo groot als

tussen wildtype hamsters. Het zelfde geldt ook voor de dag-tot-dag variaties van de cir-

cadiane periode. We hebben aangetoond dat deze verlaging in de precisie van het circa-

diane ritme ongeveer in gelijke mate kan worden toegeschreven aan afname in de preci-

sie van de pacemaker zelf, en aan afname van de stabiliteit in de fase relatie tussen de

pacemaker en de aangestuurde processen. 

Deze kenmerken van tau gemuteerde ritmiciteit, geobserveerd op het gedragsniveau,

correleren met kenmerken van het output systeem van de primaire circadiane oscillator,

de superchiasmatische nucleus (SCN). Het neuropeptide AVP (arginine-vasopressine) is

een belangrijke output  van de SCN. De AVP afgifte heeft een circadiane ritmiciteit, met

een hoge concentratie gedurende de subjective dag. In tegenstelling tot wildtype ham-

sters, verschilde het AVP niveau in de SCN niet tussen de licht en de donker fase bij tau-

mutante hamsters. Bij de meeste knaagdieren, piekt de AVP afgifte van SCN cellen in

het midden van de subjectieve dag, maar deze oscillatie was niet aanwezig bij tau mutan-

te hamsters.Behalve de betrokkenheid bij modulatie van circadiane ritmiciteit, speelt

AVP ook een rol bij het geheugensysteem. Bij ratten is de herinnering aan een eenmalig

gegeven prikkel maximaal 24, 48 en 72 uur  na het moment van aanleren. Deze oscilla-

tie is niet aanwezig bij SCN-geledeerde dieren en in AVP-deficiente Brattleboro ratten.

Homozygote tau gemuteerde hamsters met een hoog AVP niveau en een lage circadiane

amplitude vertoonden een laag herineringsvermogen en geen duidelijke oscillatie in de

‘passive shock avoidance’ test.

De tau mutatie heeft een belangrijke invloed op het metabolisme. Terwijl tau de circa-

diane periode verkort, verhoogt het allel het rustmetabolisme en het gemiddelde meta-
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bolisme over 24 uur. Het metabolisme per circadiane periode bleek daardoor  te zijn bij

de verschillende tau genotypes. Van de maaltijdcyclus, die de energetische behoefte

reflecteert, werd eveneens aangetoond dat die ook afhankelijk is van het genotype. Dit

leidde tot twee belangrijke hypotheses: (1) het tau allel bepaalt de metabolische snelheid

door verkorting van de circadiane periode, of (2) het tau allel vertoont onafhankelijke

pleiotropische effecten op metabolische processen. Om onderscheid te maken tussen

deze twee hypotheses werd de lengte van de circadiane periode gemanipuleerd door

deuteriumoxide (“zwaar water”) toe te dienen via het drinkwater. De deuteriumoxide

behandeling verlengt de circadiane periode, maar er werd geen correlatie gevonden tus-

sen de verandering in periode en de metabolische snelheid. Deze resulaten zijn in over-

eenstemming met de hypothese dat onafhankelijke pleiotropische effecten van het tau

allel de metabolische snelheid beinvloeden. Maar aangezien het effect van deuteriumoxi-

de op de circadiane periode 30% minder was dan het effect van de tau mutatie, is het

denkbaar dat het effect op de metabolische snelheid te klein was om waar te nemen.

Daarom blijft het interessant om te bestuderen of andere genen die invloed hebben op

de circadiane periode ook de metabolische snelheid wijzigen.De clock mutatie bij mui-

zen produceert in homozygote conditie een lange (ongeveer 28 uur) circadiane periode

in vergelijking met circa 24 uur bij wildtype muizen. Voedsel opname per 24 uur bleek

significant lager bij clock mutante muizen, maar uitgedrukt per circadiane cyclus bleek

er geen verschil te zijn. Energie behoefte blijkt dus eerder gerelateerd aan de endogene

(circadiane) tijd dan aan de exogene (reële) tijd.

Hamsters waarbij beide allelen waren gemuteerd ontwikkelen een lager lichaamsgewicht

in vergelijking met wildtype hamsters. Dit effect bood een prachtige mogelijkheid om

de bijdragen van het genotype van de moeder en dat van de jongen op het lichaamsge-

wicht te onderzoeken in een experiment waarbij jongen tussen moeders werden uitge-

wisseld. Zowel het genotype van de jongen als dat van de moeder droeg bij aan de varia-

tie in groei en lichaamsgewicht. Een soortgelijk effect werd waargenomen bij homozygo-

te (clock) gemuteerde muizen met een langere circadiane periode. Deze muizen waren

zwaarder dan wildtype muizen. Net als bij de drie hamster genotypes is de endogene cir-

cadiane periode dus positief gecorreleerd met de groei.

Volgens de ‘rate of living’ hypothese zou een verhoogde metabolische snelheid, zoals

gemeten bij tau mutante hamsters, leiden tot een gemiddeld kortere levensduur. Het

gevonden resultaat staat lijnrecht tegenover deze verwachting. Homozygote tau gemu-

teerde hamsters van beide geslachten leefden juist langer dan wildtype hamsters. Dit
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toont aan dat de tau mutatie, die een aanzienlijke verandering in gedrag en fysiologie ver-

oorzaakt en die waarschijnlijk snel zou worden uitgeroeid onder natuurlijke omstandig-

heden, misschien juist beter zou overleven in een populatie onder constante condities.

Samenvattend wordt in dit proefschrift aangetoond dat de tau mutatie alleen de circa-

diane cyclus versnelt en niet andere temporeel cyclische patronen, behalve de ultradiane

voedsel opname cyclus. Deze cyclus wordt aangepast aan de metabolische snelheid, die

hoger is bij tau gemuteerde hamsters, mogelijk gerelateerd aan de selectieve reductie van

de rust fase van de circadiane cyclus. De verminderde groei en het lagere volwassen

lichaamsgewicht van homozygote tau mutante hamsters kan veroorzaakt worden door

deze toename in metabolische snelheid. Uiteindelijk blijkt het circadiane systeem ver-

bonden met verschillende ‘life history’ aspecten, via complexe en soms onverwachte

relaties.
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