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Abstract

The circadian rhythm of locomotor activity in the spiny mouse, Acomys
spinosissimus from South Africa was investigated under controlled laboratory
conditions. Nine individuals were subjected to six successive light cycles of
approximately two weeks each as follows: 1) a standard light/dark (12:12LD)
cycle, 2) a period of constant darkness (DD), 3) a second standard light/dark
(12L:12D) cycle, 4) an inverse of the LD (12:12DL) cycle, 5) a short day cycle
(8:16LD) and 6) a long day cycle (16:8LD). All the animals exhibited entrainment
of their activity to the LD and DL lighting regimes. Locomotor activity of A.
spinosissimus occurred predominantly during the dark phases of the LD, DL, long
day and short day cycles. Under LD, the mean percentage of activity was 88.7%
+ 0.07% during the dark phase. When subjected to constant darkness all animals
expressed free-running rhythms of locomotor activity (Mean = 1SD = 23.81h +
0.33h; range = 23.2 h — 24.1 h). On the reverse LD cycle, the mean percentage
of activity was 81.4% + 0.09% during the dark phase of the cycle. Mice exhibited
significantly more daytime activity during the long day cycle (20.3% + 5.8%;) and
no significant change in dark phase activity during the short day cycle (90.1% +
4.01%;). The spiny mouse possesses a circadian rhythm of locomotor activity
that entrains strongly to light. Locomotory activity occurs predominantly during

the dark phase and can therefore be considered a nocturnal mammal.
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Introduction

All eukaryotic organisms studied to date display biological rhythms which may
be generated either exogenously or endogenously (Aschoff, 1960; Reuss, 1996).
Endogenous rhythms are by far the more common and are characterised by a free-
run period or tau (tr) under constant conditions and when these rhythms have a
periodicity of close to 24 hrs, they are referred to as circadian (derived from the Latin
circa = about and diem = day; www.freedict.com/onldict/lat.html; Haus et al., 1998).
Circadian rhythms are genetically regulated oscillations thought to have evolved in
order to allow organisms to predict and prepare for environmental changes that
occur on a daily basis (Brady, 1979; Goldman, 1999; Albrecht, 2002). Furthermore,
the free-running period or tau (1), reflects inter-individual variation within a species
and generally ranges between 22 h and 26 h under constant darkness between
species (Aschoff, 1981). Rhythmic phenomena that display daily oscillations in
mammals include locomotor activity patterns, body temperature patterns and the
cyclical secretion of hormones, such as melatonin (Reiter, 1988; Jacob, Vuillese &
Pévet, 1997). This may also be expanded to show seasonal differences in activity as

the photoperiod changes (Turek & Campbell, 1979).

The most frequently used cue to which mammals entrain their circadian
rhythms is the environmental light-dark cycle (Pittendrigh & Minis, 1964; Goldman,
1999; Benstaali et al., 2001). In most mammals where light acts as a zeitgeber, the
light-dark cycle entrains locomotor activity to a certain phase or phases of each day
(day/night/twilight), which can be used to categorize species into being either diurnal,
nocturnal or crepuscular organisms. Depending on these categories, light has
different effects on animals - light generally induces locomotor activity in diurnal
animals but suppresses locomotor activity in nocturnal animals (Daan & Aschoff,
1975). There are examples where these signals are more complex and either the
presence or absence of moonlight may promote or restrict activity in nocturnal

animals respectively (e.g. Smit et al., 2011).

The suprachiasmatic nucleus (SCN) is the site of the circadian pacemaker or
clock in mammals (Laakso et al., 1995; Benstaali et al., 2001). In mammals, light
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enters through the eye and is transmitted to the SCN via the retinohypothalamic tract
(RHT) (Jacob et al., 1997). This signal translates into a physiological response which
may vary with the amount/duration/intensity of stimulation resulting in both seasonal
and daily activity patterns (Bearden, Fuquay & Willard, 2004).

Small mammals provide ideal models to investigate the phenomenon of
circadian biology. Animals such as mice and several species of hamsters are
routinely used for circadian investigations (Rusak, 1977; Yellon et al., 1982; Pévet,
1988; Hastings et al., 1992; Lin et al., 2002; Kakihana, 2004), and most of these
studies include mammalian species from the northern hemisphere. Unlike the
animals from the northern temperate zone, tropical and sub-tropical animals are not
subjected to major changes in either photoperiod or temperature. However tropical
and sub-tropical animals do breed seasonally or exhibit changes in activity with
photoperiodic changes but may also be under the influence of variations in rainfall

which often affects food availability (Bronston, 1985).

The spiny mouse is an ideal model to increase our knowledge on the
chronobiology of poorly studied rodents, such as those from Africa in general and in
particular southern Africa. To date it is unknown when the predominant activity
period of this southern hemisphere rodent is or whether it possesses an endogenous
rhythm of locomotory activity or, although anecdotal reports imply that they are

mainly nocturnal (Skinner & Chimimba, 2005).

This study was conducted to: 1) describe how activity is distributed in the
spiny mouse; 2) assess whether the spiny mouse possesses an endogenous rhythm
of locomotory activity and, if so, whether the mouse entrains its locomotory activity
rhythm to a light-dark cycle; 3) to determine the (1) of each animal; 4) to
guantitatively describe how activity within the species is distributed over the 24 h
day; and 5) to investigate possible seasonal differences in activity with regard to

photoperiod.

We predicted that A. spinosissimus would exhibit a preference for the dark

phase and that the free-running period will be less than 24 h (Aschoff, 1981).
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Materials and methods
Animal maintenance

Nine adult spiny mice (A. spinosissimus) (3 males, 6 females) were collected
in and around the rocky outcrops of the Goro Game reserve in the Soutpansberg
district of the Limpopo Province, South Africa (22°568.450°'S, 29°24.939°E;
22°58.50’S, 29°25.032°E). Study animals were trapped using Sherman live-traps
(H.B. Sherman Traps Inc. Florida, U.S.A.) baited with a mixture of peanut butter and
oats. Animals were housed individually in crates (50cm x 60cm x 35cm), given a
plastic mouse house (15 cm x 21 cm x 10 cm) and provided with wood shavings and
tissue paper as bedding/nesting material. Fresh food was supplied at random times;
this consisted of mouse pellets, carrots, apples and seeds, with water provided ad
libitum. This was considered a balanced diet based on previous studies and the body
weight varied less than five percent (See Medger et al., 2010; Medger et al., 2011).
The minimum interval between supplying fresh food was 18 hrs and the maximum

interval, 36 hrs and was determined using a random numbers generator.

The experimental room was temperature controlled at 25 £1° C and the light
intensity was approximately 500 lux during the light phase, and approximately 0.025
lux during the dark phase. All cages of A. spinosissimus were fitted with infrared
motion captors (Medusa passive infrared detection, Texecom Ltd, USA) mounted in
metal brackets and angled to cover the entire floor area of the cage. Animals were
acclimated for two weeks on a 12L:12D light cycle prior to the commencement of
experiments. Each experimental condition (lighting regime) lasted two weeks. Spiny
mice were firstly subjected to a 12L:12D (light from 06h00 to 18h00) to determine
whether they entrain their activity to a light cycle. Subsequently, the light cycle was
changed to constant darkness (DD) to investigate whether spiny mice exhibit an
endogenous circadian rhythm of locomotor activity and to assess the free-run period.
Thereafter, animals were exposed to a 12L:12D light cycle similar to the first cycle to
ensure that all animals were re-entrained to the light cycle once more before the light
cycle was inversed (12D:12L; light from 18h00 to 06h00) to observe whether and
how fast animals can shift their locomotor activity to a new lighting regime. This was
followed by a short day cycle (8L:16D) and lastly a long day cycle (16L:8D) to
investigate whether activity is affected by differences in the length of photoperiod



presented. Activity was recorded continuously, and total counts per minute were
captured with an automated recording system using the program VitalView
(vVitalView ® Data Acquisition System Version 4.2 © 1999-2006 Mini Mitter
Repironics Company, Inc. USA).

Activity profiles

Double-plotted actograms were derived using the program Clocklab
(ClockLab TM, Actimetrics, Evanston, Il. U.S.A.) in order to render a graphic
depiction of activity rhythms. The phase angle of activity was calculated for each
animal. Activity onsets were defined after 10 consecutive minutes of activity, and
offsets after 20 minutes of inactivity (Schumann et al., 2005). Activity profiles were
created to provide the peak activity time, and the percentage of activity during light
and dark phases was determined using Microsoft excel (Microsoft ® Office Excel ®
2007). This was achieved by looking at the ratios of total activity counts (TAC’s)
during the light and dark phases of the light cycles or the TAC’s during the subjective
days and subjective nights while under constant dark conditions. The period of the
endogenous rhythm was calculated for the DD cycle by determining the amount of
drift per 24 hr period i.e. the average difference in onset times from one day to the

next for the period of constant darkness using ClockLab.

Data Analysis

The derived percentile data were first tested for normality and found to be not
normally distributed. Consequently, an arcsine square root transformation was
performed on all percentile data (Sokal & Rohlf, 1981) before re-testing the data for
normality. Despite such a transformation all data were found to be not normally
distributed and the non-parametric Wilcoxon’s matched pairs test was conducted to
analyse differences between the dark phase activity percentages of the LD1 cycle
and the subjective night time activity of the DD cycle as well as the dark phase
activity of the second LD and the DL cycle. A similar procedure was followed for the
long and short day cycles. The percentage activity during the subjective night and
day were calculated according to the period of the endogenous rhythm of each

individual animal and the phase angle calculated during the light cycle. All statistical



analyses were performed using algorithms in the Statistica computer programme
(Statistica 9.0 © StatSoft, Inc. 1984-2009).

Results
121:12D

All spiny mice entrained their locomotory activity rhythms to the light cycle.
They showed a preference for locomotory activity during the dark phase of the light
cycle, and the majority of the activity occurred during the first part of the night.
Activity profiles show an activity peak approximately 45 minutes after the lights were
switched off (Fig. 1). Activity patterns showed clear onsets while the offsets were
less precise, although one mouse showed slightly more defined offsets (Fig. 2). The
phase angle was calculated between the time the lights went off and the beginning of
activity time. The mean phase angle (x SD) was 5.03° + 2.88° for LD1, which
translates to the commencement of activity at 20.14 + 11.51 minutes after the lights
went off. During the first LD cycle the animals displayed a mean (x SD) percentage
of 88.7% + 0.07% activity during the dark phase of the light cycle, (Fig. 3). The mean
(= SD) TAC for this two week period was 3522.89 + 1466.08; no correlation was
found between percentage activity and TAC’s (r=0.50,n =9, df = 1)

1.2t ' X285 T ]
Y1260
e | i
=
T 0.8
(=2
o= ll
0.6 | -
8
% 0.4 .
Ak
= | rl! i
Ty | ol W i
0 i -'..l"ul"“"'-*"h.'~ & o nh 'ﬁlll.l':'ijli ".’Jl[ﬁ.n.nlu I
0 12 24
Tima (k)
Figure 1.

Activity profile for the spiny mouse, Acomys spinossismus from southern Africa showing activity peak
at 1 h after the start of the dark phase. The red dot indicates the beginning of the light cycle at
06:00 h, the green dot is the beginning of the dark cycle at 18:00 h.
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Figure 2.

Actogram of locomotor activity for the spiny mouse, Acomys spinossismus from southern Africa during
the first light—dark (LD1) cycle illustrating precise onsets (solid line) and irregular offsets (black dots)
of activity.
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Figure 3.

Bar graph showing the percentage of locomotor activity for the spiny mouse, Acomys spinossismus
from southern Africa during the dark and light phases of the first light—dark cycle (LD1).
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DD

Under constant dark conditions, all the animals maintained rhythmic activity
patterns. One mouse maintained a 24h cycle, three mice had endogenous cycles
with a period of 24.1 hours (e.g., Fig. 4a), while the remaining five mice displayed
endogenous rhythms with periods ranging from 0.1 to 0.8 hours less than 24 hours
(e.g., Fig. 4b). The mean (+ SD) period was 23.81 h £ 0.33 h. The mean (x SD)
percentage activity during the subjective night was 81.4% *= 0.094 (Fig. 5). A
significantly higher percentage of activity was displayed during the dark phase of the
entrained rhythm than during the subjective night of the endogenous rhythm (Z =
2.67; T=0;n=9; P<0.01). However the mean (x SD) TAC increased significantly
to 4956.89 + 1981.90 (p < 0.000; df = 1; n = 9). Again no correlation was found
between TAC’s and the percentile activity data (r = 0.19; n = 9; df = 1). There was
also no correlation between TAC’s and the endogenous period (r = 0.16; n = 9; df =
1). None of the animals showed distinct offsets. One mouse died after this part of the

experiment and all following experiments were conducted with only eight mice.
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Figure 4.

Actograms for the spiny mouse, Acomys spinossismus from southern Africa showing the first light—
dark cycle (LD1) followed by the period of constant darkness (DD). Arrows indicate change from LD to
DD. (a) shows a rhythm with a tau close to 24 h, (b) shows a rhythm with a tau shorter than 24 h.
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Figure 5.

Bar graph showing the percentage of locomotor activity for the spiny mouse, Acomys spinossismus
from southern Africa during the subjective day and night of constant dark—light cycle (DD).

LD and inversed LD
When the light cycle was inverted, all eight animals showed a distinct increase

in activity 21.75 + 9.22 minutes after the new ‘lights off’ (Fig. 6). The offset of activity
reset slowly with the total time of nightly activity increasing until the offset coincided
with the lights being switched on after approximately nine days when re-entrainment
was complete (Fig. 6). Using a data cursor, the x-value of this line was determined
for two consecutive days and the mean (x SD) activity increase calculated. The
mean increase in activity for all the mice until the offsets were fully entrained to the
new lighting regime was 1hl4mins = 0.17mins per day. Although the initial
percentage activity during the dark phase of the cycle was reduced, the proportion of
activity during light and dark phases did not change from that of the previous LD
cycle. The mean (x SD) percentage activity during the dark phases of the LD2 and
DL1 cycles were 86.2% = 0.05% and 87.3% + 0.03%, respectively (Fig. 7). The
onsets were similar to the LD1 onsets (21.75 + 9.22 minutes after the lights went off
compared to 20.14 + 11.51 minutes during LD1). Three animals showed more
distinct offsets during LD2 and five once re-entrainment was complete. There was no
significant difference between the amount of activity during the dark phases of the
LD2 and DL1 light cycles (Z=0.84; T = 12; n = 8; P = 0.40).
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Figure 6.

Actogram for the spiny mouse, Acomys spinossismus from southern Africa illustrating the transition
from the second light—dark cycle (LD2) to the inverted light—dark cycle (DL1).
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Bar graph showing the percentage of activity for the spiny mouse, Acomys spinossismus from
southern Africa during light and dark phases of (a) LD2 and (b) DL1.

Long and Short day Cycles

Activity profiles continue showing an activity peak on a long day cycle 27 *
6.80 minutes after the lights were switched off. Activity patterns showed clear onsets
with a mean (= SD) phase angle of 0.167° + 0.09 while the offsets were less precise,

but more distinct in all animals than during LD1 (Fig. 8). Activity commenced at 10 *
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5.66 minutes after the lights went off. The animals displayed a mean (x SD)
percentage of 79.7% * 5.8% activity during the dark phase of the light cycle, (Fig. 9).
The percentage of activity during the dark phase of the long day cycle was
significantly less than LD1 (Z=3.01; T=0; n=7; P<0.01).
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Activity profile of the spiny mouse, Acomys spinossismus from southern Africa during light and dark
phases of (a) the long day cycle and (b) the short day cycle.
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Bar graphs showing the percentage of activity for the spiny mouse, Acomys spinossismus from
southern Africa during light and dark phases of (a) the long day cycle and (b) the short day cycle.

The animals required an average of five days until they re-entrained to
the new lighting regime with the onsets becoming earlier by 48 + 8.3 minutes each
day (Fig. 10). During the short day cycle there was a mean (x SD) onset of activity
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32 + 26.7 minutes after the lights went off, however activity increased more gradually

and there were two activity peaks for each animal. The first peak was 3.9 + 0.46

hours after the dark phase started (phase angle 59.25° + 8.29) while the second

varied considerably between animals. The offsets became imprecise for all the
animals. Dark phase activity (£ SD) is 90.11% * 4.01% (Fig. 9). There was no

significant difference in dark phase activity between the short day cycle and LD1

(2=0.92; T=11; n=7; P=0.47).
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Figure 10.

Actograms of mice 2 and 4 for the long day cycle followed by the short day cycle. (a) Here a distinct
offset is seen during the long day cycle and less distinct offsets are apparent during the short day

cycle. (b) Offsets are not as distinct as in (a).

Neither long day nor short day activity percentages correlated with TAC’s (r =
0.59; n = 8; df = 1 for the long day cycle and r = 0.33; n = 8; df = 1 for the short day
cycle). However the total activity for both were significantly less than for either LD1
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or LD2; total long day activity was about half of the total short day activity (Total
activity count D8L16 + SD = 1470.43 = 1029.21;total activity count D16L8 + SD =
2505.71 + 2895.43) and there was considerably more variation in the total short day

activity than any other cycle.

Discussion

The circadian clock is a self sustaining, genetically programmed mechanism
which synchronizes with changing environmental conditions and allows for the
optimal performance of the organism (Albrecht, 2002) and represents part of the
adaptation of species to their environment (Enright. 1970; Daan & Aschoff, 1975).
While activity patterns may change in response to varying environmental conditions
and seasonal fluctuations (Hoogenboom et al., 1984; Tester, 1987), constant
laboratory conditions allow for the expression of endogenous rhythms and for the
investigation of individual entraining factors, in this case, light. All experimental
animals used in this study exhibited nocturnal activity during all of the light cycles. In
congruence with these findings, all mice were captured during the night, indicating
that under natural conditions, these animals are also active during the night. These
findings complement those for the Cape spiny mouse, as well as the majority of
spiny mouse species occurring in the northern hemisphere (Powell, Belitsky &
Rathbun, 1981; Weber & Hohn, 2005; Cohen, Smale & Kronfeld-Schor, 2009). In
contrast, the golden spiny mouse, Acomys russatus displays diurnal activity under
natural field conditions, but in the laboratory, with environmental factors such as
competitors, predators and extreme temperatures removed, it shifts its locomotory

activity pattern to nocturnal (Cohen et al., 2009).

Locomotory activity of the spiny mouse from southern Africa shows good
entrainment to the light-dark cycle. Onsets are very distinct with a peak in activity
shortly after the onset. Offsets were not as clear-cut, implying that the most
important entraining factor is the transition from light to dark. Both the golden and
common spiny mice also show definite onsets of activity shortly after darkness but in
contrast to the spiny mouse from South Africa offsets are more precise and before
the commencement of the light phase (Weber & Hohn, 2005; Cohen et al. 2009).
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Food availability in mesic environments is generally higher than in the drier
and harsher regions in which the golden and common spiny mice occur naturally.
Therefore, the more pronounced activity peak exhibited shortly after the beginning of
the dark phase and the tapering off of activity to less precise offsets of activity in the
southern African spiny mouse may be a reflection of food availability in the
environment, since the southern African spiny mouse may be able to acquire

sufficient food in a shorter time period than these other species.

Activity patterns are flexible within and between species. For example, golden
spiny mice exhibit diurnal activity in the wild, but the activity profile appears to be
related to temperature and possibly food availability since it differs between winter
and summer (Cohen et al., 2009). This flexibility may account for the activity patterns
observed during the long and short day cycles in the southern African spiny mouse

since summer coincides with the rainy season where these mice occur.

The influence of foraging conditions on energy balance of mammals is both
the ultimate and proximate cause of seasonal breeding in many mammalian species
(Bronson, 2009). Ovulation has been found to be sensitive to both temperature and
food restriction in small mammals, although mice have been seen to ovulate at low

temperatures provided their food intake is increased (Manning & Bronson, 1990).

Acomys spinosissimus are found in summer rainfall areas with cold, dry
winters and in accordance with the above trend, has been found to breed seasonally
(Medger et al., 2010; Medger et al., 2011a) with photoperiod being an important
regulator (Medger et al., 2011b). From these results it may follow that when food
availability decreases in winter (short day cycle) these animals spend more time and
energy on acquiring food during the longer dark phase. However, the absence of
predators, competitors and temperature and humidity changes in the laboratory may

also have influenced this.

Spiny mice from southern Africa showed an immediate response in the onset
of their activity to an inverse in the light cycle. The offset, however, shifted much
slower such that the activity was only fully entrained after approximately nine days.
Re-entrainment experiments conducted by Weber and Hohn (2005) on common
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spiny mice (Acomys cahirinus) indicated rapid phase shifts in both the onsets and
offsets of activity. These mice exhibited very definite offsets that coincided with the
onset of the light phase. However, these experiments were conducted over a period
of months compared to the current experiment where light cycles were maintained
for two weeks only. The offsets of activity in spiny mice from southern Africa appear
to become more defined the longer they were kept under laboratory conditions. This
may be due to the constant supply of food and the absence of predators giving them
the freedom to move about more or spread out their activity over a longer time period

the longer they are in the laboratory.

Under constant conditions, all mice in the present study displayed
endogenous rhythms. Most of these free-running rhythms were shorter than 24 h, as
predicted for nocturnal animals by Aschoff (1960). However, some, like their northern
cousins the golden and common spiny mice, showed free-running rhythms slightly
longer than 24 h (Weber & Hohn, 2005; Cohen et al., 2009).

The entrainment of locomotory activity to a specific phase of the day may be
as a result of either physiological or morphological constraints (Mistlberger & Holms,
2000) and commonly reflects the time most advantageous to the animal, i.e., when
food resources are most abundant and either attainable or when predators are least
active (Saarikko & Hanski, 1990; Brandt & McCay, 2005).

The endogenous rhythm of locomotory activity was revealed once the
activity rhythms of all animals free-ran in the absence of a time-giver (DD cycle). The
starting point of the free-run also coincided with the phase angle of entrainment
during the LD cycle which suggests that the light-dark cycle was most likely the
principle entraining agent rather than the rhythm being the consequence of masking
(Aschoff, 1981).

In conclusion, A. spinosissimus was found to be primarily nocturnal
exhibiting a small amount of intermittent activity during the day. The environmental
light-dark cycle plays an important role in entraining the locomotor activity rhythm in
A. spinosissimus to the phase of the day most favorable to them. The free running

rhythm was on average, shorter than 24h.
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