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SIEBERT, U. AND F. WOLLNIK. Wheel-running activity rhythms in two inbred strains of laboratory rats under different photo
periods. PHYSIOL BEHAV 50(6) 1137-1143, 1991.-Wheel-running activity patterns were studied in two inbred rat strains 
(ACI/Ztrn and LEW/Ztm) under 24-h light-dark cycles with various pbotoperiods. The ACI strain was characterized by a unimodal 
activity pattern, whereas the LEW strain exhibited a multimodal activity pattern consisting of two activity bouts about 3-5 h apart. 
Harmonic spectral analyses and chi square periodograms revealed strain-specific differences in the characteristic rhythmic compo
nents of the activity pattern. Tile ACI strain showed only a strong 24-h rhythm, whereas the LEW strain showed additional 
rhythmic components with periods of 6, 4.8, and 4 h. Except in very young rats, these strain specific patterns were not affected 
by an experimental lengthening of the dark period. However. differences between the two strains were found in the free-running 
period and in the mode of entrainment. Our results indicate that the multimodal activity pattern of the LEW strain is not due to an 
ultradian bout oscillator, instead it may be the result of a unique coupling of multiple circadian oscillators. 

Circadian and ultradian rhythms Strain differences Entrainment Multioscillatory system 

CIRCADIAN rhythms of mammals are assumed to be generated 
by a self-sustained multioscillatory system in or close to the su
prachiasmatic nucleus in the hypothalamus (16,19). Under natu
ral as well as laboratory conditions, these rhythms are entrained 
by the environmental LD cycle and assume a steady-state phase 
relationship to this external time cue (14). Characteristic features 
of circadian rhythms, such as the free-running period (1'), are 
not acquired by an organism during ontogeny, but are inher
ited (11). 

Laboratory rats are widely used for genetical studies because 
there is a great number of inbred strains with differences in the 
genetic background (8). Therefore, inbred strain comparisons 
provide a convenient method for investigating the genetic nature 
of circadian rhythms. Since individuals from the same inbred 
strain are genetically identical, differences between them must 
reflect environmental effects or errors of measurement. This 
means that differences between animals from different strains 
will exceed the differences between animals from the same strain 
only if the strains are genetically different. 

Using this approach, previous studies have demonstrated ge
netically based differences in the activity pattern of various 
commonly available inbred strains of rats (7 ,20). Based on these 
results, two of these inbred strains, ACI and LEW, were selected 
for the present study. The strain ACl exhibits a strong unimodal 
activity pattern with a high activity level, clear onsets of activ
ity, and distinct differences between activity and rest time. The 
strain LEW, on the other hand, shows a multimodal activity 
pattern characterized by two or sometimes even three separate 

activity bouts about 3- 5 h apart. The same strain specific pat
terns have also been observed in the daily rhythms of body tem
perature, heart rate (6), food intake, and oxygen consumption 
(5). Period analysis of the activity pattern of the LEW strain re
vealed ultradian components with periods of 4 and 4.8 h in ad
dition to the 24-h rhythm. The fact that these additional periodic 
components are subharmonics of the 24-h rhythm can be ex
plained either with an ultradian modulation of the activity pat
tern or with a unique phase coupling of multiple circadian 
oscillators. 

Preliminary evidence of the multioscillatory nature of the ac
tivity pattern of the LEW strain is given by a strong correlation 
between onset and offset of each of the two activity components, 
but no significant correlation between the two bouts (20). For a 
true ultradian modulation, however, the correlation between the 
two bouts should have been of the same magnitude as the corre
lation between onset and offset within each bout. 

To further evaluate the mechanisms underlying the multimo
dal activity pattern of the LEW strain, the present study exam
ined the effect of 24-h LD cycles of different photoperiods on 
the phase relationship between activity bouts. The strain ACI 
was chosen as a representative for the typical unimodal activity 
pattern of laboratory rats. 

METHOD 
Animals and Housing 

Male rats of the inbred strains ACl/Ztrn (N == 5) and LEW 
(N == 5), originally obtained from the Central Animal Laboratory 
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at the Hanover Medical School (FRO). were bred and raised in 
our laboratory under controlled environmental conditions ( 12: 12 
h light:dark cycle. lights on at 0700. room temperature 22 ± 1 °C). 
At the beginning of the experiment. the animals were 38(ACI 
N = 5). 28(LEW N = 2) and 36(LEW N = 3) days of age. The 
animals were placed in individual cages (Macrolon Type IV. 
35 x 55 X 20 em) with constant free access to food . water. and a 
running wheel (diameter 35 em. width 10 em). The cages were 
placed randomly in a cage rack. Light intensity at the level of 
the cage top was 100-200 lux. Wheel-running activity was 
monitored under entrainment to different photoperiods for a total 
of 24 weeks. The initial lighting regime consisted of 18 h light 
and 6 h dark (LD 18:6). The dark period was symmetrically in
creased by two hours every 3 weeks until a maximal dark pe
riod of 18 h was reached (LD 6: 18). The experiment concluded 
with 3 weeks continuous darkness (DO) and 3 weeks LD 12: 12. 
Prior to the experiment . wheel-running activity of the 3 older 
LEW rats had been monitored for 3 weeks under LD 14: I 0 and 
for another 3 weeks under LD 16:8. The animal room was en
tered 2- 3 times a week at random times during the day to check 
the water bottles and food supply and to clean the cages. 

Data Collection a11d Analysis 

Three magnetic reed switches were attached to the axle of 
each running wheel so that one complete wheel revolution re
sulted in three electrical impulses. These impulses were read on
line by a microcomputer and stored on disk every 5 min. All 
subsequent calculations were based on these 5-min counts. Event 
records were visualized as double plots with a resolution of 20 
min. For an example see Fig. l. Maximum height of a 20-min 
bin indicates more than 200 impulses (i.e . . an average of 10 im
pulses/min). while a blank space indicates fewer than 20 im
pulses (i.e . . an average of I impulse/min) . 

The presence of periodic components was tested using the 
"'chi square periodogram" ( 18) and the "harmonic spectral 
analysis"' ( 10.13) calculated for the whole 21 day long period 
as well as for the last 7 days of each lighting regime. These two 
approaches of period analysis are based on different statistical 
models, and results of both methods were always compared to 
verify the reliability of the analyses. Both techniques and their 
application to circadian and ultradian rhythms have been de
scribed in greater detail elsewhere (21), and have been tested 
with artificial data of different periods. amplitude. and wave
forms in the presence of different levels of noise (17). 

Additional parameters calculated from the activity recordings 
include: I) amount of activity: the total number of impulses 
within a 24-h period. given as impulses/day; 2) duration: total 
length of all 5-min intervals within 24 h containing more than 5 
impulses, given in min/day; 3) maximal activity: largest number 
of counts within a single 5-min interval. Since it was difficult to 
visually determine the onsets and offsets of activity. and the 
peak of each individual activity bout from the activity plots, data 
of the last 7 days of each lighting regime were averaged and 
further smoothened using a moving average. Onset of activity 
was then defined as the start time of the first block of at least 6 
consecutive 5-min intervals with at least 5 impulses that was not 
separated from the the next block of activity by more than 10 
minutes. Offset of activity was defined as the end time of the 
last in a sequence of such blocks. The following phase differ
ences were calculated: ljJ 1 = time of lights off to time of the first 
activity peak: I!J1 = time of the second activity peak to time of 
lights on: I!J 1_ 2 == time of the first activity peak to time of the 
second activity peak: \(!lights off to activity onset; ~!!lights on to 
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activity onset: ~~lights off to activity offset: l!Jiight~ on to activit~ 
offset. 

Differences between strains and lighting regime::. were ·•~
~essed using standard procedures of variance analysis tANOVA . 
SAS). Post hoc comparisons were made using multiple 1-tesh. 

RESliL rs 

Wheel-Running Activity Pattern 

Activity records of two typical animals of each strain are 
shown in Fig. 1. The wheel-running activity of ACI rats showed 
a generally unimodal pattern. whereas LEW rats exhibited a 
more bimodal activity pattern with two short activity b<>uts about 
3-5 h apart from each other. Despite the stepwise decrease of 
the photoperiod. these strain-specific activity patterns remained 
stable throughout the experiment, and the temporal spacing be
tween the two activity bouts of the LEW rats was not affected 
by the different lighting regimes. Only 2 LEW rats (e.g .. LEW 
#3. Fig.!) showed an additional bout of activity that appeared 
to emerge from the second activity bout during LD 14:10 (week 
6-9) and LD 12:12 (week 10-12). However, this third activity 
bout was never as prominent as the two other activity bouts and 
was never established under constant dark conditions. In one an
imal (LEW No. 10. Fig. I), the second peak disappeared twice 
for several days during LD 16:8 and DO. More dramatic changes 
of the activity pattern were observed in young LEW rats kept 
under initial lighting schedules of LD 14:10 and LD 16:8 (Fig. 
2). These animals also established a bimodal activity pattern. but 
the onsets of the two activity peaks were up to 8 h apart from 
each other (Fig. 2). The characteristic spacing of 3-5 h between 
the two peaks was established during LD 16:8 and subsequently 
did not change under any lighting condition. The activity pattern 
of the ACl rats was also divided into several activity bouts. 
However, these bouts were generally shorter, more variable. and 
not separated by long time spans without any wheel-running 
activity. 

Period Analysis 

Harmonic spectral analyses (Fig. 3) and chi square period
ograms revealed different characteristic rhythmic components in 
the activity pattern of the two strains. The activity pattern of 
ACl rats showed only one strong component with a period of 24 
h and an additional rather weak component with a period of 12 
h. In contrast, the activity pattern of the LEW strain was char
acterized by additional components with periods of 6, 4 .8. 4. 
and 3 h corresponding to the temporal organization of the two 
activity bouts. ANOV A of spectral estimates resulting from har
monic spectral analysis revealed minor changes in the amplitude 
of the 24-h peak for the ACI strain but not for the LEW strain. 
In the LEW strain, however, the amplitudes of the ultradian 
components, i.e .. 12, 4, 3, and 2 h. increased significantly dur
ing the experiment. Furthermore, both methods of period analy
sis demonstrated a systematic shift of the most prominent ultradian 
components in the activity pattern of the LEW strain. Period 
analyses of the ftrst two lighting regimes (LD 18:6, LD 16:8) 
showed the highest amplitudes for periods of 6 and 4.8 h. To
wards the end of the experiment, however, periods of 4. 3. and 
2 h were more prominent. 

The characteristic rhythmic components of both strains per
sisted under constant darkness (DO). The chi square period
ogram revealed a significant difference (psO.Ol) between the 
free-running period of the ACI ('1"=24.27±0.03 h SE) and the 
LEW strain ('T= 24.1 ±0.02 h SE). 
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FIG. I. Double plotted wheel-running activity records of 2 ACI and 2 LEW rats main
tained under different photoperiods. Numbers on the vertical axis denote weeks of experi
ment. numbers oo the horizontal axis denote daytime hours. Days with data missing due 
to power failure or system errors are shown as blank lines. The black bars on the right 
side of each plot indicate begioni.ng and end of the dark period. From top to bottom. the 
following lighting regimes were presented for a period of 21 days each: LD 18:6. LD 
16:8. LD 14: 10, LD 12:12, LD 10:14, LD 8:16. LD 6:18. DD. 

Level of Activity 

Figure 4 summarizes changes in the amount of wheel-running 
activity for each strain. In general, ACI rats were more active 
than LEW rats , (ACI: 1219± 166 impulses/day; LEW: 914±87 
impulses/day, psO.Ol). At the beginning of the experiment (day 
1-21), however, LEW rats were significantly more active than 
ACI rats. The amount of activity did not change in the ACI 
strain, but decreased continuously in the LEW strain without 
significant differences between consecutive lighting regimes. From 
LD 10:14 (week 12) onwards, the amount of wheel-running ac-

tivity was significantly higher in ACI rats. The maximal values 
of activity (Amax) were slightly smaller for ACI rats (ACI: 67 ± 3 
impulses/5 min; LEW: 74 ± 3 impulses/5 min). A.,.,. of the LEW 
strain decreased during the experiment. No significant difference 
was found in the duration of activity, i.e., AO and LEW rats 
spent about the same amount of time in the wheel (ACI: 232 ± I 06 
min/day; LEW: 230±61 min/day). 

Activity Onset and Offset 

Figure 5 depicts changes in the time (a) between activity on-
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FIG. 2. Activity records of 3 LEW rats maintained for 3 weeks each 
under LD 14:10 and LD 16:8. For further explanations see Fig. I. 

set and offset and in the phase difference (ljl 1_2) between the two 
activity peaks of the LEW strain during the course of the exper
iment. o: was significantly (psO.Ol) longer in the ACI strain 
(9.36±0.27 h SE) than in the LEW strain (8.08±0.43 h SE). 
In the ACI strain. o: increased only during DO (Fig. 5 , upper 
panel), while in the LEW strain o: decreased continuously (Fig. 
5, lower panel). 

Visual inspection of the activity records (Fig. I) revealed ob
vious differences between the ACI and the LEW strain with re
spect to their entrainment under different photoperiods. In the 
ACI strain, activity onset was tightly locked to the end of the 
dark period in one rat from the beginning of the experiment and 
in four other rats from LD 14:10 onwards. In contrast, the ac
tivity onset of all LEW rats was locked to the beginning of the 
dark period until LD 12:12 and in two rats even until LD 10:14. 
These different modes of entrainment are also apparent in the 
different ljJ values shown in Fig. 6: activity onset of the ACI 
strain displayed a stable phase relationship with the end of the 
dark period throughout the whole experiment, whereas the activ
ity onset of the LEW strain was locked to the beginning of the 
dark period in long photoperiods and to the end of the dark pe
riod in shon photoperiods. During very shon nights (LD 18:6), 
the activity onset of the LEW rats occurred several hours before 
lights off. However, the total amount (70%) of activity during 
the dark phase was still larger than during the light phase (30%). 
We, therefore, considered these animals to be nocturnal under 
LD 18:6. The phase difference (ljl1_2 ) between the two activity 
bouts of the LEW strain did not increase under longer dark peri-
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ods. The highest \jl 1_2 was found during LD 10:14 111 young 
LEW rats (6.03 ±0.97 h SEL 

DISCUSSIO!'-

The present srudy demonstrated strain-specific activity pat
terns for ACI and LEW rats that were surprisingly consistent 
under different photoperiods. ln both strains, the generdl pattern 
of wheel-running activity was almost identical with the one pre
viously observed under LD 12:12 entrainment (20). ACI rats had 
a unimodal activity pattern characterized by a constant high level 
of activity with clear onsets and offsets . In contrast. LEW rats 
showed a multimodal activity pattern with two rather short ac
tivity bouts about 3-5 hours apart from each other. Previous 
studies have shown a similar pattern in the daily rhythms o f 
overall activity as measured with an Animex-like svstem (7 ). 

body temperature and heart rate (6). and food intake and oxygen 
consumption (5) . 

Experimental lengthening of the dark period from LD 18:6 ro 
LD 6: 18 did not cause dramatic changes in the activity patterns 
of the two strains. Period analyses of the activity patterns re
vealed that lighting regimes had only minor effects on the char
acteristic frequencies. For the LEW strain. in particular, a change 
in the phase relationship between the two activity bouts could 
be observed only in very young rats . Ultradian components of 6 
and 4 h were more prominent during the first weeks of the ex
periment (LD 18:6, LO 16:8) , whereas shorter periods were 
more prominent towards the end of the experiment. We believe 
that this effect was due to the age of the animals rather than to 
photoperiod, because a similar shifting of the major rhythmic 
components has also been demonstrated under long-term LD 
12:12 entrainment. Ultradian periods of 6, 4.8. 4 and 3 h per· 
sisted under DD demonstrating the endogenous nature of these 
rhythmic components. 

In their studies on hamsters and mice, Aschoff and co-work
ers (1 -4} showed that lengthening of the dark period causes an 
increase in activity time (o:) as well as in the phase relationship 
between the two major activity bouts of bimodal activity pat
terns. These observations led to the hypothesis of two separate 
circadian oscillators controlling the rhythms of different activity 
components (15). The two oscillators are presumed to be differ
entially coupled to lights-off (i .e .. evening) and tights-on (i .e .. 
morning) as well as to each other. In the present study, length· 
ening of the photoperiod neither resulted in an increase of activ
ity time in the LEW strain nor in any systematic change of the 
temporal spacing of the activity bouts. A longer interval between 
the two activity bouts could only be observed in very young 
LEW rats under LO 14: 10 and LD 16:8. Once the optimal phase 
relationship of 3-5 h had been established, a strong coupling 
between the two activity components seemed to prevent any fur
ther modulation of the activity pattern by the photoperiod. There
fore . the present results do not exclude the hypothesis of a 
"morning" and " evening"' oscillator generating the activity 
pattern of LEW rats. Further studies are necessary to verify 
whether the upbringing of LEW rats under different photoperi
ods will affect the temporal organization of the activity pattern 
during adulthood. 

The observed stability of the bimodal activity pattern of the 
LEW strain in prolonged nights and the extended phase relation
ship between the two activity peaks in young LEW rats contra
dict the hypothesis of an ultradian bout oscillator. Further evidence 
against a true ultradian pacemaker has been presented in a pre· 
vious study (22) demonstrating that, unlike the ultradian rhythms 
of feeding and wheel-running in voles (9), the activity pattern of 
LEW rats does not persist after complete SCN lesions. Rather. 
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the present results support the alternative hypothesis of a multi
oscillatory circadian system. The occurrence of a third activity 
peak in some cases indicates that more than two oscillators may 
be involved in the organization of the activity pattern. 

So far, the neuronal basis for the observed strain differences 
is unknown. A previous study (20) demonstrated a strong corre
lation between the intensity of wheel-running activity and the 
coherence of the 24-h rhythm, suggesting that the multimodal 
activity pattern of the LEW strain is a direct result of the re
duced activity level. In the present study, however, young LEW 
rats ran significantly more than ACI rats of about the same age 
and still displayed a multimodal activity pattern. These results 
indicate that the unimodal pattern of the ACI strain is not sim
ply caused by a "filling of the trough," and that the multimoda.1 
activity pattern of the LEW strain is not attributable to lack of 
activity feedback to the circadian system. Furthermore, it seems 
unlikely that the observed strain differences are simply due to 
the different pigmentation, because previous investigations of 
other inbred rats had found a typical unimodal activity pattern in 
both pigmented and albino rats (7). 

(lights-on) during all photoperiods, whereas in the LEW strain, 
activity onset was more variable and seemed to be coupled to 
the beginning of the dark period in long photoperiods (LD 18:6. 
LD 16:8, LD 14:10, LD 12:12). The early onset of activity un
der LD 18:6 can be explained by a preference for the slightly 

An interesting finding of the present study is the different 
mode of entrainment observed in ACI and LEW rats. As dem
onstrated by periodogram analyses, wheel-running activity of 
both inbred strains, ACI and LEW, was clearly entrained during 
the third week of each photoperiod. There were obvious differ
ences between the two strains with respect to the interindividual 
variability of activity onset and the phase angle difference be
tween activity and entraining LD cycle. The activity rhythm of 
ACI rats was tightly locked to the end of the dark period 
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