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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. 

D

C

B

0

20

40

60

fr
eq

ue
nc

y

20 22 24
period (h)

0

10

5

15

20 22 24
period (h)

F

fr
eq

ue
nc

y

0

20

40

60

0

10

5

15E

0

20

40

60 A

0

10

5

15

general activity (PIR)running wheel activity

periodogram

centre of gravity

1-h running mean onset



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

Chapter 7

96



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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