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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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24

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,

Metabolic rate
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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

Metabolic rate
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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.

0

100

300

200

ox
yg

en
 c

on
su

m
pt

io
n 

(m
l. h

-1
)

12 18 24 06
time of day (h)

0

100

50

12 18 24 06 12

150
ac

tiv
ity

0

100

300

200

0

100

50

150

ac
tiv

ity

0

100

300

200

0

100

50

150

ac
tiv

ity

tau +/+

tau - /-

tau +/-



Chapter 2

32

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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