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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.
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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
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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.
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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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