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CHAPTER3
Effect of deuterium on the circadian period and

metabolism in wild-type and tau mutant Syrian hamsters
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Zoological Laboratory, University of Groningen, The Netherlands
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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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