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Abstract The locomotor activity rhythms of domestic
mice, laboratory rats, Syrian hamsters, Siberian ham-
sters, Mongolian gerbils, degus, and Nile grass rats were
compared. Running-wheel activity was monitored under
a light—dark cycle with 12 h of light and 12 h of dark-
ness per day. Nile grass rats were found to be reliably
diurnal, whereas laboratory rats, Siberian hamsters,
domestic mice, and Syrian hamsters were reliably noc-
turnal. Both diurnal and nocturnal subgroups were
observed in Mongolian gerbils and degus. A downward
gradient of diurnality was observed from Mongolian
gerbils classified as diurnal, degus classified as diurnal,
gerbils classified as nocturnal, and degus classified as
nocturnal. Nocturnal degus remained nocturnal when
tested with an infrared motion detector without running
wheels. Thus, although the diurnal-nocturnal dichot-
omy could be applied to some of the species, it was not
appropriate for others. The dichotomy may reflect
researchers’ needs for systematization more than a nat-
ural distinction between species. Through mechanisms
as yet poorly understood, the balance between entrain-
ing and masking processes seems to generate a gradient
of temporal niches that runs from predominantly diur-
nal species to predominantly nocturnal species with
many chronotypes in between, including species that
exhibit wide intra-species gradients of temporal niche.
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Introduction

The alternation of day and night is an ineluctable geo-
physical phenomenon that has had a strong impact on
life on earth throughout evolution. The choice of a
nocturnal or diurnal niche by various life forms was
probably guided, at least at first, by a conflict in the
exploitation of solar energy, which provided life-sus-
taining energy to photoautotrophic organisms but also
contained highly damaging ultraviolet emissions. At
some point, endogenous rhythmicity evolved as a
mechanism that allowed organisms to prepare in ad-
vance for predictable daily changes in the environment
(Engelmann 1988; Halberg 1953; Marques and Water-
house 1994; Roenneberg and Merrow 2002; Rutter et al.
2002).

Although the difference between extant diurnal and
nocturnal organisms may often be quite obvious (that is,
diurnal organisms are active mostly during the day and
nocturnal organisms are active mostly during the night),
very little is known about what makes diurnal organisms
be different from nocturnal ones. In animals, eyes spe-
cialized for day vision (that is, eyes possessing retinal
cones in addition to retinal rods) evidently facilitate
adaptation to a diurnal niche, but image-forming pho-
toreception has been shown to be essentially indepen-
dent from circadian photoreception because the
circadian system is responsive to photic stimulation of
the eyes even in animals deprived of visual photorecep-
tors (Foster et al. 1991; Freedman et al. 1999; Goldman
et al. 1997; Klerman et al. 2002; Mrosovsky 2003a; Semo
et al. 2003; Yoshimura et al. 2002). It seems that the
circadian system can acquire information about illumi-
nance levels in the environment both through classical
photoreceptors and through photosensitive ganglion
cells that use melanopsin as a photopigment (Gooley
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et al. 2003; Hattar et al. 2002; Panda et al. 2002; Ruby
et al. 2002a). Researchers who have tried to identify the
mechanisms responsible for diurnality or nocturnality
have generally found that there is no clear difference
between diurnal and nocturnal organisms except for the
obvious difference in the phase angles of entrain-
ment—that is, diurnal animals are diurnal because they
are active during the day, and nocturnal animals are
nocturnal because they are active at night (Dardente
et al. 2004; Fidler and Gwinner 2003; Lincoln et al. 2002;
Mrosovsky 2003b; Refinetti 1996a; Smale et al. 2003).

Part of the problem in identifying the mechanisms of
diurnality or nocturnality may lie on the use of a
dichotomous classification. Analysis of data from a
multitude of species indicates that the daily rhythm of
activity of most animal species is bimodal, meaning that
activity is concentrated at sunrise and sunset (Aschoff
1966). This crepuscular pattern of activity is often but
not always accompanied by additional activity between
dawn and dusk (“‘diurnal” animals) or between dusk and
dawn (“nocturnal” animals). Unfortunately, detailed
studies of the variability of diurnality among different
species, or even within a single species, have rarely been
conducted. The goal of this study was to investigate the
variability of diurnality within and between various
species of laboratory rodents as assessed through their
rhythms of running-wheel activity.

Materials and methods
Subjects

Animals of seven different species served as subjects. The
names and characteristics of the species are listed in
Table 1. The species included standard laboratory
rodents (domestic mouse, laboratory rat, Syrian ham-
ster, Siberian hamster, and Mongolian gerbil) as well as
“exotic” rodents (degu and Nile grass rat). All animals
were 2-5 months old.

To avoid sampling bias, animals were not pre-
screened for the quality of their locomotor activity
rhythms. However, because very poor performance in
the running wheels due to animal idiosyncrasy cannot be
reliably distinguished from poor performance due to
illness or to equipment malfunction, animals displaying
fewer than 100 revolutions per day (the equivalent of a

Table 1 Characteristics of the seven species used in the study

linear displacement of only 50 m) were not included in
the data analysis. There were few such cases (one
domestic mouse, one laboratory rat, one degu, and two
Nile grass rats), and the sample sizes given in Table 1 do
not include these disqualified animals.

Procedure

All animals were housed individually in polypropylene
cages (24x36x19 cm) lined with wood shavings and fed
Purina rodent chow (Lab Diet 5001) and water ad libi-
tum. A metallic running wheel (12 cm diameter for spe-
cies under 80 gand 18 cm diameter for larger species) was
attached to each animal cage. Magnetic switches attached
to the running wheels were connected to data acquisition
boards (Digital Input Card AR-B2001, Acrosser Tech-
nology, Taiwan). The data acquisition boards were con-
nected to computers that recorded the number of wheel
revolutions in 6-min bins (i.e., 0.1 h intervals).

To verify the appropriateness of the use of running
wheels for the monitoring of locomotor activity, selected
animals were tested both with and without wheels. The
animals were housed in transparent polycarbonate ca-
ges, and locomotor activity was monitored by an infra-
red motion detector (Product 49-312, Radio Shack
Corp., Fort Worth, TX, USA). The feedback light in the
motion detector was disconnected to prevent unintended
photic stimulation (Hofstetter et al. 2005), and the out-
put switch terminals were connected to the data acqui-
sition board.

The animal cages were maintained in individual
light-tight, ventilated chambers at 24 +2°C. Lighting
conditions in each chamber were controlled by a pro-
grammable electronic timer (ChronTrol XT, ChronTrol
Corp., San Diego, CA, USA) that activated white fluo-
rescent bulbs (General Electric FATSCW) generating an
illuminance of approximately 360 Ix (range: 340-390 Ix
across chambers), as measured 8 cm above the cage floor.
All animals were housed under a light-dark (LD) cycle
with 12 h of light per day (LD 12:12) for 3 or more
weeks. After stable entrainment to the LD cycle had been
established for each individual, data were collected for
10 days and analyzed for several rhythmic parameters.

After the study was completed, some animals were
maintained under the LD cycle for several weeks, some
were transferred to constant darkness, and some were

Species Scientific name Body Sample  Sex Source

mass (g) size
Degu Octodon degus 240 25 Mixed Sandy’s Lakeside (Gaffney, SC)
Domestic mouse (C57BL/6)  Mus musculus 30 32 Male Charles River Laboratories (Wilmington, MA)
Laboratory rat (Wistar) Rattus norvegicus 360 24 Male Charles River Laboratories (Wilmington, MA)
Mongolian gerbil Meriones unguiculatus 60 29 Male Charles River Laboratories (Wilmington, MA)
Nile grass rat Arvicanthis niloticus 120 32 Mixed Local colony (see Refinetti 2004d)
Siberian hamster Phodopus sungorus 45 24 Mixed Sun Pet Ltd. (Atlanta, GA)
Syrian hamster Mesocricetus auratus 150 24 Male Charles River Laboratories (Wilmington, MA)




exposed to an ultradian LD cycle (LD 3.5:3.5), which
does not cause entrainment but allows the study of
photic masking responses (Redlin and Mrosovsky

1999).

Data analysis

For descriptive purposes, daily wave-form plots of
activity were generated for each species by averaging 10
consecutive days for each animal and then averaging all
animals in each species (with 6-min resolution).

For each individual of each species, five parameters
of the activity rhythm were analyzed: activity level,
diurnality, onset time, acrophase, and robustness. The
overall activity level was computed simply as the number
of wheel revolutions per 24 h. A diurnality index was
computed as the ratio of the number of wheel revolu-
tions during the light phase and the number of wheel
revolutions during the whole day—i.e., R /(RL+ Rp).
Animals with indices below 0.5 are more active during
the night than during the day (i.e., they are nocturnal),
whereas animals with indices above 0.5 are more active
during the day than during the night (i.e., they are
diurnal).

Onset time (the time of initiation of running activity
each day) was determined by a computer algorithm.
First, the activity records over 10 consecutive days
(2,400 data points) were digitized and educed. That is,
time bins containing one or more wheel revolutions were
coded as ‘1, whereas time bins containing no revolu-
tions were coded as “0”, and the values for the 10 days
were added, bin by bin, into a 24-h time series. Next, the
algorithm searched for bins whose values were preceded
by 2 h with activity below 1.5 times the mean of the time
series and followed by 2 h with activity above 1.5 times
the mean. If such a bin was located, and if it contained
activity on at least 5 of the 10 days, it was considered to
be the time of onset. Although complex, this algorithm is
very powerful and succeeds in locating the correct onset
time (as confirmed by visual inspection of actograms) in
all but the noisiest records. In only 2 out of more than
200 data sets did the algorithm fail to identify the onset.
Onset times were determined by visual inspection in
these two cases.

For computation of the acrophase (the time of the
daily peak of the activity rhythm), an iterative curve-
fitting procedure based on the single cosinor procedure
(Nelson et al. 1979) was used. For each animal, a cosine
wave was fitted to the data points according to the
function Y,= M+ A4 cos(0,+ ¢), where Y, denotes each
data point in the time series, M is the mean level of the
rhythm, A is the amplitude, 0, is the trigonometric angle
corresponding to time ¢, and ¢ is the angle displacement
for the acrophase. The value of ¢ was determined by
iteration: the true value of ¢ was considered to be the
one that produced the smallest sum of squares of the
deviations between iterated cosine functions and the raw
data.
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Rhythm robustness (the strength of rhythmicity of
the data set) was computed as the Qp statistic of
Sokolove and Bushell’s (1978) chi-square periodogram
procedure for P=24.0 h. For 10-day-long data sets with
6-min resolution, a 100% rhythmic 24-h pattern (such as
a cosine wave) yields a Qp of 2,400. Rhythm robustness
of experimental time series can be reliably determined by
comparison of Qp values with the ideal value of 2,400
(Refinetti 2004b). The chi-square periodogram proce-
dure was also used to calculate the circadian period of
animals maintained in constant darkness.

For each of the five parameters, the significance of
differences between means of the eight species was
tested by analysis of variance (ANOVA) followed by
post hoc pairwise comparisons by Tukey’s HSD test
(Kirk 1995). The level of significance (x=0.05) was
maintained at each ANOVA. Variances were compared
by pairwise F tests (Kirk 1995). Intra- and inter-species
correlation coefficients for various parameters were
computed by the principle of least squares (Hays 1988).
To avoid inflation of the level of significance due to
multiple testing, the significance of correlation coeffi-
cients and pairwise F tests was evaluated at «=0.001 so
that the overall significance level for all correlations or
for all variance comparisons remained close to «=0.05
(Bonferroni correction).
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Fig. 1 Actograms of the running-wheel activity rhythms of a
representative Nile grass rat and a representative domestic mouse.
Time of day is indicated on the horizontal axis and number of days
on the vertical axis. The white and black bars above the actograms
indicate the duration of the light and dark phases of the light—dark
cycle, respectively
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Results

Figure 1 shows actograms of the running-wheel activity
records of a representative Nile grass rat and a repre-
sentative domestic mouse. The grass rat initiated activity
about 1 h prior to lights-on each day and ran through-
out the light phase. The mouse initiated activity at
lights-off each day and ran throughout the dark phase.
Both animals exhibited brief, irregular intervals of rest
during the active phase.

Although most species exhibited activity patterns that
were either predominantly diurnal or predominantly
nocturnal, Mongolian gerbils and degus were naturally
distributed into two distinct groups, as illustrated for
degus in Fig. 2. Slightly less than half of the degus
(n=11) initiated activity about 1 h prior to lights-on
each day and ran during most of the light phase and
initial hours of the dark phase. The remaining degus
(n=14) ran mostly during the dark phase, although
some exhibited greater activity during the light-dark and
dark-light transitions. Four of the degus started out
with a clear nocturnal pattern of activity but spontane-
ously switched to a more diurnal pattern after a few
weeks, as exemplified in Fig. 3. Because all animals had
been kept under the same LD cycle before arriving in the
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Fig. 2 Actograms of the running-wheel activity rhythms of a
diurnal and a nocturnal degu. Time of day is indicated on the
horizontal axis and number of days on the vertical axis. The white
and black bars above the actograms indicate the duration of the
light and dark phases of the light-dark cycle, respectively

laboratory, the switch from nocturnal to diurnal pattern
of activity cannot be explained simply by a slow
re-entrainment to the laboratory’s LD cycle. All 14
degus reported as nocturnal here were still night-active
3 months after the beginning of the study. No switches
from a diurnal pattern to a nocturnal pattern were
observed. No switches in either direction were observed
in Mongolian gerbils, which were consistently diurnal
(n=22) or nocturnal (n=7).

Figure 4 shows wave-form plots of activity that were
generated for each species by averaging 10 consecutive
days for each animal and then averaging all animals in
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Fig. 3 Actogram of the running-wheel activity rhythm of a degu
that spontaneously switched from a nocturnal to a diurnal pattern.
Time of day is indicated on the horizontal axis and number of days
on the vertical axis. The white and black bars above the actograms
indicate the duration of the light and dark phases of the light—dark
cycle, respectively



each species. Because of the segregation of Mongolian
gerbils and degus into two groups, separate plots were
prepared for animals classified as nocturnal and animals
classified as diurnal in these two species. Inspection of
the figure indicates that domestic mice, laboratory rats,
Syrian hamsters, and Siberian hamsters are almost
exclusively nocturnal. Nonetheless, some inter-species
differences can be noted. Under LD 12:12, mice and
Siberian hamsters initiate activity shortly after lights-off
and run through most of the night. Laboratory rats are
active immediately upon lights-off but run more errati-
cally during the rest of the night. Syrian hamsters initiate
activity about 2 h after lights-off and run for only 6-8 h
each night. Nocturnal Mongolian gerbils are more active
during the night than during the day but exhibit a con-
siderable amount of activity during the light hours,

Fig. 4 Average wave-form of

the activity rhythms of the

seven species, with separate Domestic Mouse
plots for diurnal and nocturnal
Mongolian gerbils and diurnal
and nocturnal degus. Wave-
forms were constructed by
averaging 10 consecutive days
for each animal and then
averaging all animals in each
species. Indices of inter-
individual variability (standard
errors of the means) are plotted .
only at 04:00, 10:00, 16:00, and Syrian Hamster
22:00 to prevent cluttering of

the figure. Hatching indicates

the dark phase of the light—dark

cycle

Laboratory Rat

Siberian Hamster
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whereas diurnal gerbils initiate activity shortly after
lights-on and exhibit little activity during the dark hours.
Nocturnal degus exhibit an activity pattern similar to
that of domestic mice, whereas the activity of diurnal
degus is spread out through the day with peaks at dawn
and dusk and greater activity during the light phase than
during the dark phase. Finally, Nile grass rats are active
throughout the light phase, initiating activity about an
hour before lights-on and terminating activity about an
hour after lights-off.

Not evident in Fig. 4 is the fact that Mongolian
gerbils, degus, and Nile grass rats often exhibited
bimodal behavioral patterns with increased activity
around lights-on (dawn) and lights-off (dusk). Closer
observation of Fig. 4 reveals a peak of activity at lights-
on in diurnal gerbils, peaks prior to lights-on and after
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lights-off in nocturnal degus, peaks after lights-on and at
lights-off in diurnal degus, and a small peak at lights-on
in grass rats. Because some individuals of each these
species exhibited dawn, dusk, or dawn and dusk peaks
of activity whereas others did not, the wave-form plots
for the species are not as bimodal as the plots for some
of the individuals.

Figure 5 shows frequency distributions of the scores
of diurnality, onset time, and acrophase for the seven
species. The three variables are generally consistent in
each species. For instance, in domestic mice, the diur-
nality scores are clustered at the beginning of the
dark phase, as are the onset times. As expected, the

acrophases lag behind the onsets by several hours. In
Mongolian gerbils and degus, the distributions are
rather spread out, essentially because of the segregation
of individuals into diurnal and nocturnal groups.

The mean values of diurnality, onset time, acrophase,
activity level, and robustness for the seven species are
shown in Table 2. Analyses of variance were conducted
separately for each of the five parameters. In all cases, a
significant effect of species was identified (Fg 153> 40,
P <0.0001). The significance of pairwise comparisons of
means (P <0.05 familywise) is indicated by the lowercase
letters adjacent to the means. Lowercase letters are also
used to denote significant differences in variance (square

Fig. 5 Frequency distributions Diurnality Onset Time Acrophase
of the scores of diurnality, onset
time, and acrophase for the Domestic Mouse Domestic Mouse Domestic Mouse
seven species. Onset time and g 60 60 60
acrophase are given in time of & 4o 40 40
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Table 2 Mean values of diurnality, onset time, acrophase, activity level, and robustness for the seven species

Diurnality Onset time Acrophase Activity Robustness
(hours) (hours) (revolutions/day) (Qp at 24.0 h)

Mean SD Mean SD Mean SD Mean SD Mean SD
Domestic mouse 0.039 a 0.049 a 20.5a 0.3 a 24.7 a 0.6 a 14276 a 4483 a 1249 a 231 a
Laboratory rat 0.057 a 0.032 a 20.1 a 0.1 b 26.3 a 09a 466 b 247 b 505b 87 b
Syrian hamster 0.001 a 0.005 b 22.5b 0.6 a 249 a 04a 8267 ¢ 2946 ¢ 1669 ¢ 277 a
Siberian hamster 0.057 a 0.127 ¢ 20.8 a 1.6 ¢ 24. 1a 1.6 b 5784 ¢ 3847 a 1041 d 434 c
Mongolian gerbil 0.637 b 0.225d 122 ¢ 49d 17.0 b 74 c 2002 d 1297 d 548 b 180 a
Nile grass rat 0.871 ¢ 0.077 ¢ 7.3d 0.5a 13.0 ¢ 1.3a 10253 ¢ 6385 a 1027 d 361 ¢
Degu 0.363 d 0.228 d 144 c 63d 20.1d 4.0c 9975 ¢ 4805 a 733 b 307 ¢

For each parameter, means and standard deviations (SD) of species bearing the same letters (a, b, c, etc.) are not significantly different
from each other (P> 0.05 familywise). Acrophase times are indicated in excess of 24.0 h where needed to allow statistical comparison with

onset times

of standard deviation). Inspection of the table indicates
that the first four species have mean diurnality scores
much lower than 0.5 (and, therefore, are nocturnal). The
mean diurnality index of 0.001 in Syrian hamsters indi-
cates that only 0.1% of wheel revolutions occurred
during the light phase of the LD cycle (or 99.9% oc-
curred during the dark phase). Nile grass rats have a
mean score much higher than 0.5 (and, therefore, are
diurnal), whereas the mean score of 0.637 for Mongolian
gerbils defines the species as predominantly diurnal, and
the mean score of 0.363 for degus defines the species as
predominantly nocturnal. The mean values of onset time
and acrophase are generally consistent with the mean
values of the diurnality index.

Table 2 also shows significant inter-species differ-
ences in the absolute levels of activity (wheel revolutions
per day), the laboratory mouse being the most active
species and the laboratory rat being the least active
species. The comparison of variances for activity is
somewhat misleading because the group means differ by
more than an order of magnitude, and small means have
proportionally smaller variances. A more meaningful
comparison is based on the standard deviation as a

percentage of the mean. According to this criterion,
inter-individual variability of activity is smaller in
domestic mice (31%) and Syrian hamsters (36%) than in
laboratory rats (53%), Siberian hamsters (66%), Mon-
golian gerbils (65%), Nile grass rats (62%), and degus
(48%).

Although the laboratory mouse exhibited the highest
activity level of all species, the activity rhythm of Syrian
hamsters was more robust than that of mice (Table 2).
The laboratory rat, which exhibited the lowest level of
activity, exhibited also the least robust activity rhythm
of all species.

The species means shown in Table 2 provide an
accurate description of the rhythmic parameters in the
seven species studied. However, given the bimodal dis-
tribution of diurnality in Mongolian gerbils and degus, a
more meaningful inter-species comparison requires sep-
arate computations for the nine groups of animals.
Figure 6 shows the mean diurnality scores for the
nine groups. Nile grass rats are clearly diurnal, whereas
laboratory rats, Siberian hamsters, domestic mice, and
Syrian hamsters are clearly nocturnal. A down-
ward gradient of diurnality is observed from Mongolian

Grass rat

L .

Gerbil-D A

Degu-D 4

Gerbil-N 1
DeguN ¥/ ////A— b
Rat /4 a
Siberian Y/4- a
Mouse /H a
Syrian 4 a

0.0 0.2 0.4

0.6 0.8 1.0

Diurnality Index

Fig. 6 Mean (£ SE) diurnality of the nine groups of animals.
Larger numbers reflect greater diurnality. Means of species bearing
different letters (a, b, ¢, etc.) are significantly different from each
other (P <0.05 familywise). The dashed line indicates the theoretical

separation between nocturnal and diurnal animals (i.e., equal
amounts of activity during the light and dark phases of the light—
dark cycle)



708

Table 3 Correlation coefficients

Activity vs.

robustness

Diurnality
vs. onset

Diurnality
vs. acrophase

Onset vs.
acrophase

Domestic mouse
Laboratory rat
Syrian hamster
Siberian hamster
Mongolian gerbil
Nile grass rat

Degu
*P<0.001 (for overall P<0.05)

+0.66*
+0.30
+0.54
+0.73*
+0.50
+0.84*
+0.41

+0.64*

+0.26
—0.28
+0.37
+0.84*
+0.18
+0.18
+0.69*
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Fig. 7 Inter-species correlations for amount of activity and rhythm
robustness (a) and for onset time and acrophase time (b).
Robustness is expressed as percentage of maximum Qp (with
percentages greater than 13% being significantly above noise level).
Acrophase times are indicated in excess of 24.0 h where needed to
allow comparison with onset times. The numbers adjacent to the
data points identify the various species, as follows: / domestic
mouse, 2 laboratory rat, 3 Syrian hamster, 4 Siberian hamster, 5
Mongolian gerbil (diurnal), 6 Mongolian gerbil (nocturnal), 7 Nile
grass rat, 8§ Degu (diurnal), and 9 Degu (nocturnal)

gerbils classified as diurnal, degus classified as diurnal,
gerbils classified as nocturnal, and degus classified as
nocturnal.

Intra-species correlation coefficients were computed
for activity level (revolutions per day), diurnality index,
onset time, acrophase, and rhythm robustness, as
shown in Table 3. Although some significant correla-
tions were found for some pairs of parameters in some
species, no general pattern emerged. In particular, a
high correlation between onset time and acrophase
would have been expected. However, because the intra-
species ranges of variability were quite narrow in all
parameters, the lack of correlation can be considered to
be a statistical artifact. More meaningful comparisons
can be made across species. Figure 7 shows two inter-
species correlation plots. Rhythm robustness did not
correlate significantly with activity level across species
(as it did not within species), but acrophase and onset
time were significantly correlated across species
(r=0.95, P<0.001). That is, the activity rhythms
of species that initiated activity later in the day had
acrophases later in the day, as expected.

Because the robustness of the rhythm of body tem-
perature in laboratory rodents seems to be greater in
larger species (Refinetti 1996a), a coefficient correlation
for body mass and robustness of the running-wheel
activity rhythm was computed. The coefficient was
found to be negative (r=-0.42) and not statistically
significant (P=0.355).

To verify the appropriateness of the use of running
wheels for the monitoring of locomotor activity, selected
animals were tested with an infrared motion detector.
Six degus that were clearly nocturnal during the regular
study with running wheels were transferred to cages with
infrared motion detectors. Activity was monitored while
the wheels remained available and after the wheels were
removed. In none of the six cases was there a reversal of
the activity pattern. As shown in Fig. §, removal of the
wheel had no apparent effect on the activity pattern of
the animals. Also, both nocturnal and diurnal degus and
Mongolian gerbils were placed in constant darkness for
several weeks at the end of the study (with activity
monitored by running wheels). No abrupt change in the
phase of the activity rhythm (indicative of a masking
effect of the previous LD cycle) was observed in either
species. Degus and Mongolian gerbils free-ran with
mean (£ SE) circadian periods of 23.73+£0.07 h and
24.24+0.04 h, respectively.

To further investigate the differences between
diurnal and nocturnal degus, 12 individuals (7 diurnal,
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Fig. 8 Records of locomotor activity of five degus obtained by an
infrared motion detector while the animals had access to a running
wheel and after the wheel was removed (as indicated by the
arrowheads on the right margin). Time of day is indicated on the
horizontal axis and number of days on the vertical axis. Only bins
with five or more breaks of the infrared beam are plotted. Because

5 nocturnal) were transferred to an ultradian LD cycle
(LD 3.5:3.5) for the evaluation of photic masking
responses. Figure 9 shows records of two representative
animals. Visual inspection of records obtained under
short LD cycles is very difficult, but it appears that the
diurnal degu exhibited slightly greater activity during
the light phase of the LD 3.5:3.5 cycle than did the
nocturnal degu. For quantitative analysis, data from
the first 3 days under LD 3.5:3.5 were discarded and
data from the following 10 days were used for com-
putation of the diurnality index, as described above
(RL/[R.+ Rp]). The seven diurnal degus exhibited a
mean diurnality index (£ SE) of 0.59+0.07 under LD
3.5:3.5, whereas the five nocturnal degus exhibited a
mean diurnality index of 0.32+0.05. The two means
are significantly different from each other (7,9=2.696,
P=0.022). Although the mean index for diurnal degus
is not different from that exhibited under LD 12:12
(t16=0.231, P>0.80), the mean index for nocturnal
degus is marginally larger than that exhibited under
LD 12:12 (#17=2.155, P=0.044), which indicates a
lesser degree of nocturnality.

For comparative purposes, four Syrian hamsters were
also transferred to LD 3.5:3.5. The mean diurnality in-
dex for these hamsters was 0.13+0.01, which is signifi-
cantly larger than the mean index under LD 12:12
[0.001 £0.0003 (#,6=24.137, P<0.001)].
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activity levels were consistently lower without the wheel, the
actograms are plotted in digital rather than analog format (that is,
for each 6-min bin, a pen mark appears if there were five or more
breaks of the infrared beam; otherwise, the space is left blank). The
white and black bars above the actograms indicate the duration of
the light and dark phases of the light-dark cycle, respectively

Discussion

Domestic mice, laboratory rats, Syrian hamsters, and
Siberian hamsters are traditionally considered nocturnal
species, and the results of this study are consistent with
this view. In these four species, 94% or more of daily
activity (wheel revolutions) occurred during the dark
phase of the LD cycle, and the daily onset of activity
took place at or shortly after the time of lights-off. This
predominantly nocturnal pattern of activity is consistent
with hundreds of previous observations in domestic mice
(e.g., Davis and Menaker 1981; Kramer et al. 1998;
Refinetti 2004a; Weinert and Waterhouse 1998), labo-
ratory rats (e.g., Francis and Coleman 1988; Honma and
Hiroshige 1978; Ikeda and Inoué 1998; Meinrath and
D’Amato 1979), Syrian hamsters (e.g., Boulos et al.
1996; Conn et al. 1990; DeCoursey et al. 1998; Weinert
et al. 2001), and Siberian hamsters (e. g., Anchordoquy
and Lynch 2000; Ruby et al. 2002 b; Steinlechner et al.
2002; Tokura and Oishi 1985). Nonetheless, this study
evinced both intra- and inter-species differences in the
strength of nocturnality. On average for these four
species, the intra-species standard deviation of onset
times was 38 min and the standard deviation of acro-
phases was 53 min. Inter-species differences in diurnality
among these four species were small and not statistically
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Fig. 9 Actograms of the running-wheel activity rhythms of a
diurnal and a nocturnal degu maintained first under LD 12:12 and
later under LD 3.5:3.5. Time of day is indicated on the horizontal
axis and number of days on the vertical axis. The rectangles
indicate the intervals of lights-on

significant, although 99.9% of the running-wheel activ-
ity of Syrian hamsters was restricted to the dark phase,
whereas only 94.3% of the running-wheel activity of
laboratory rats and Siberian hamsters was restricted to
the dark phase. The robustness of the activity rhythm
was significantly lower in laboratory rats (21% of
maximum) than in domestic mice (52%), Syrian ham-
sters (70%), and Siberian hamsters (43%), although this
was not accompanied by greater intra-species variability
in onset times, acrophase, or diurnality index.

Mongolian gerbils showed great intra-species vari-
ability, with 24% of the animals being predominantly
nocturnal and 76% being predominantly diurnal.
Within the two subgroups of gerbils, rhythm robustness
was lower—and the variabilities in onset time, acro-
phase, and diurnality were greater—than in mice, rats,
and hamsters. Circadian rhythms of Mongolian gerbils
had not been previously studied in detail. A study lim-
ited to two specimens, in which activity was monitored
by contact sensors in a cage without running wheels,
found that Mongolian gerbils were predominantly cre-
puscular with a tendency to nocturnality (Nelissen and
Nelissen-Joris 1975). In a study on a single gerbil, in
which activity was also monitored by contact sensors,
the activity pattern was very erratic with a weak cre-
puscular component (Probst 1992). In a study on four
gerbils in which activity was monitored by radio-telem-
etry, the acrophase of the activity rhythm was found to
lie midway between the mean acrophases of nocturnal
and diurnal species (Refinetti 1999). Thus, although the
current finding of a greater proportion of diurnal than of
nocturnal gerbils in a sample of 29 individuals is novel, it
does not contradict previous observations. Because the
infrared motion detectors were not available at the time
when the gerbils were tested, it is not possible to ascer-
tain whether the large proportion of diurnal gerbils
obtained here is associated with the use of running
wheels for the monitoring of activity.

Degus were similar to gerbils in that the robustness of
their activity rhythms (31% of maximum) was signifi-
cantly lower than that of mice and hamsters and in that
some individuals were diurnal whereas others were
nocturnal. Although degus are considered to be diurnal
in the wild (Kenagy et al. 2002) and in the laboratory if
monitored by radio-telemetry (Refinetti 1996b), large
inter-individual variability in the phase angle of
entrainment has been reported in degus monitored by
radio-telemetry (Labyak et al. 1997). In one laboratory,
it was found that some degus were diurnal without
running wheels but became nocturnal when given access
to wheels (Kas and Edgar 1999). The degus in the
present study showed both diurnal and nocturnal pat-
terns of activity when running wheels were available, but
the patterns were not reversed when activity was
recorded with infrared motion detectors. Thus, diurnal
and nocturnal patterns of activity were associated with
different individuals, not with different recording meth-
ods. The explanation for the discrepancy between the
two studies is not evident. One possible explanation for
the absence of phase reversals when the wheel was
removed in the present study is that the animals were not
studied for a sufficiently long interval of time. This is
very unlikely, however, because some animals were
studied for up to 3 weeks after the removal of the
wheels, and Kas and Edgar reported reversals on the day
immediately following the transition. The present
observations that degus may be diurnal or nocturnal
regardless of recording methods and that some degus
spontaneously switch niches might explain a few cases of



niche switching in Kas and Edgar’s study as mere
coincidences unrelated to the removal or presentation of
running wheels. However, Kas and Edgar reported
observing the phenomenon in seven distinct individuals,
which makes an explanation based on coincidence very
unlikely. Whatever the true explanation may be, it is
important to point out that the discrepancy is limited to
the phenomenon of wheel-induced niche switches. The
two studies are in agreement about the observation that
approximately half of the degus are naturally diurnal
(44% in this study, 54% in Kas and Edgar’s) and half
are naturally nocturnal (56 and 46%, respectively).

Nile grass rats exhibited robust activity rhythms with
a predominantly diurnal pattern. On average, 87% of
daily activity (wheel revolutions) occurred during the
light phase of the LD cycle, and the daily onset of
activity took place approximately 1 h before the time of
lights-on. Appearance of nocturnal activity patterns in
animals given access to running wheels has been
reported in Nile grass rats (Blanchong et al. 1999), but it
is likely that the animals that were observed to be noc-
turnal when given access to running wheels were mem-
bers of an idiosyncratic subgroup. In my laboratory, all
grass rats housed with running wheels have been diurnal
(Refinetti 2004a, c). A third research team observed in-
creased crepuscular activity in animals housed with
wheels, but the activity pattern was still predominantly
diurnal (Redlin and Mrosovsky 2004). Observations in
the wild in Kenya were consistent with the data from
these laboratories in revealing a predominantly diurnal
pattern of activity (Blanchong and Smale 2000).

In summary, domestic mice, laboratory rats, Syrian
hamsters, and Siberian hamsters were found to be pre-
dominantly nocturnal, with small intra- and inter-species
variability. Nile grass rats were found to be predomi-
nantly diurnal, again with small intra-species variability.
Degus and Mongolian gerbils were found to be either
diurnal or nocturnal. Great intra-species variability in
diurnality, with some individuals showing predominantly
diurnal activity patterns and others showing predomi-
nantly nocturnal activity patterns, has been occasionally
described in other species. For instance, in goldfish
(Carassius auratus), about 80% of individuals tested in
the laboratory were found to be diurnal, whereas 10%
were nocturnal, and 10% displayed very weak rhyth-
micity (ligo and Tabata 1996). In carpenter ants
(Camponotus compressus), approximately 70% of indi-
vidually tested animals were found to be nocturnal,
whereas 30% were diurnal (Sharma et al. 2004). Like-
wise, in subterranean mole rats of various species, some
members of the species were found to be diurnal and
some were found to be nocturnal (Oosthuizen et al. 2003,
Oster et al. 2002). Even some instances of intra-individ-
ual variability (i.e., the same individual being diurnal
under some circumstances and nocturnal under other
circumstances) have been previously reported. For in-
stance, wolves (Canis lupus) are normally nocturnal;
however, when traveling over long distances, they travel
during the day (Merrill and Mech 2003). Conversely,
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migratory birds are normally diurnal, but they do most
of their migratory flight at night (Cochran 1987; Rat-
tenborg et al. 2004). The present results do not confirm
the previous report of wheel-induced reversal of diur-
nality in degus (Kas and Edgar 1999).

Intra-species and intra-individual variabilities in
diurnality complicate further the distinction between
diurnal and nocturnal species. Clearly, the diurnal-
nocturnal dichotomy reflects researchers’ needs for sys-
tematization more than a consistent distinction between
species. It has been proposed that the distinction
between diurnality and nocturnality depends on two
relatively independent processes: the establishment of an
adequate phase relationship between the circadian clock
and activity (that is, proper entrainment) and the
establishment of an adequate pattern of photic masking
(that is, negative masking in nocturnal organisms and
positive masking in diurnal organisms) (Mrosovsky
1999). Regarding the phase relationship between the
circadian clock and activity, studies on mutant mice and
hamsters with abnormally long or short endogenous
periods have shown that animals with a typically noc-
turnal circadian system will entrain to the LD cycle with
a diurnal phase angle if the characteristics of the LD
cycle so require (Low-Zeddies and Takahashi 2001;
Ralph and Menaker 1988). That is, when the circadian
period is lengthened or shortened without a concomitant
change in the photic phase-response curve, entrainment
to a standard LD cycle can only be attained by longer
exposure to light, which requires a shift of the active
phase into daylight. Regarding masking, numerous
studies have shown that light exposure during the night
often inhibits activity in nocturnal animals and elicits
activity in diurnal animals (Aschoff and von Goetz 1989;
Edelstein and Mrosovsky 2001; Mrosovsky et al. 1999;
Mrosovsky and Hattar 2003; Redlin and Mrosovsky
1999, 2004). In a recent review article, Mrosovsky and
Hattar (2005) described several studies in which the
temporal niche of mice was switched from nocturnal to
diurnal as a result of genetic manipulations of photic
receptor systems (rod and cone opsins, cryptochrome,
and melanopsin). Mice deficient in photic receptors
exhibited much more activity during the light phase than
did normal mice and also often exhibited positive
masking in response to short pulses of light. The
appearance of positive masking in a species that usually
exhibits negative masking suggests that the niche inver-
sion was achieved at least partially by an inversion in
masking mechanisms.

If the distinction between diurnality and nocturnality
indeed depends on the interplay of mechanisms of
entrainment and masking, then it is possible that inter-
mediate forms of diurnality (as observed in Mongolian
gerbils and degus in the present study) result from
unusual combinations of patterns of entrainment and
masking. The data from degus exposed to ultradian
cycles (LD 3.5:3.5) provided modest support for this
hypothesis. Because LD 3.5:3.5 provides photic masking
but not entrainment, whereas LD 12:12 provides both
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masking and entrainment, the equivalency of diurnality
indexes in diurnal degus (0.59 and 0.57, respectively)
suggests that diurnality in this species is determined
mostly by masking. In nocturnal degus, the diurnality
index was not as small under LD 3.5:3.5 (0.32) as under
LD 12:12 (0.20), which suggests that entrainment plays a
relatively greater role in the establishment of noctur-
nality. Nonetheless, the fact that the diurnality index
under LD 3.5:3.5 was greater than 0.5 in diurnal degus
and smaller than 0.5 in nocturnal degus is consistent
with the notion of positive masking in diurnal animals
and negative masking in nocturnal animals. The present
results provide no indication of a gradual (incomplete)
inversion of masking mechanisms in degus.

In an attempt to understand the mechanisms
responsible for the choice of temporal niche, several
recent studies compared the neural circuits involved in
the control of circadian rhythms in the predominantly
diurnal Nile grass rat and the predominantly nocturnal
laboratory rat. The operation of the circadian pace-
maker, as assessed by measures of gene expression in the
brain, was found to be essentially identical in the two
species, and any observed differences were inferred to
take place downstream from the pacemaker (Mahoney
et al. 2001; Novak et al. 2000; Nunez et al. 1999; Sch-
wartz et al. 2004; Lambert et al. 2005). Furthermore, in
guinea pigs (Cavia porcellus), which exhibit an activity
pattern that is not clearly diurnal or nocturnal, electro-
physiological recording of brain cells indicates robust
rhythmicity in the circadian pacemaker (with greater
activity during the day) despite the poorly differentiated
pattern of behavioral activity (Kurumiya and Kawam-
ura 1988). Two recent studies from one laboratory
suggested that there may be differences between diurnal
and nocturnal rodents in the operation of the pacemaker
during subjective day (Novak and Albers 2004a, b).
However, because the differences were small and were
identified in the comparison of only two species (the Nile
grass rat and the golden hamster), further studies are
necessary before any generalizations can be made.

In conclusion, the diurnal-nocturnal dichotomy is
inadequate to describe the variety of circadian chrono-
types exhibited by different species. Even in the small
sample of seven rodent species used in this study, a wide
range of diurnal and nocturnal patterns of activity was
observed. Through mechanisms as yet poorly under-
stood, the balance between entraining and masking
processes seems to generate a gradient of temporal
niches that runs from predominantly diurnal species to
predominantly nocturnal species with many chronotypes
in between, including species that exhibit wide intra-
species gradients of temporal niche.
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