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Abstract

Although inbred domesticated strains of rats and mice serve as traditional mammalian animal
models in biomedical research, the nocturnal habits of these rodents make them inappropriate
for research that requires a model with human-like diurnal activity rhythms. We conducted a
literature review and recorded locomotor activity data from four rodent species that are generally
considered to be diurnally active, the Mongolian gerbil (Meriones unguiculatus), the degu
(Octodon degus), the African (Nile) grass rat (Arvicanthis niloticus), and the antelope ground
squirrel (Ammospermophilus leucurus). Our data collected under 12L:12D light-dark cycles
confirmed and expanded the existing literature in showing that the activity rhythms of antelope
ground squirrels and African grass rats are stronger and more concentrated in the light phase of
the light-dark cycle than the activity rhythms of Mongolian gerbils and degus, making the former
two species preferable and more reliable as models of consistent diurnal activity in the
laboratory. Among the two more strongly diurnal species, antelope ground squirrels are more
exclusively diurnal and have more robust activity rhythms than African grass rats. Although
animals of these two species are not currently available from commercial suppliers, African
grass rats are indigenous to a wide area across the north of Africa and thus available to
researchers in the eastern hemisphere, whereas antelope ground squirrels can be found
throughout much of western North America’s desert country and, therefore, are more easily
accessible to North American researchers.

Keywords: rodent, behavior, diurnal, nocturnal, locomotion

Domesticated and inbred strains of rats (Rattus norvegicus) and mice (Mus musculus) are the most extensively used
mammalian animal models in biomedical research. These standard laboratory rodents are considered to be suitable
animal models because they share with humans many aspects of mammalian physiology. They are convenient
substitutes for humans or other primates because of their small body size and the ease and low cost of their housing
and maintenance. Nonetheless, rats and mice are nocturnal (night-active), whereas humans are diurnal (day-active).

Every biological process shows a pattern of circadian rhythmicity, with organisms exhibiting clear differences in their
physiology between day and night.2-® For this reason and because humans are diurnal, diurnally active rodent species
should potentially be more appropriate models for biomedical laboratory research than rats or mice. Thus, substitution
of diurnal rodents for nocturnal rodents may constitute a significant advance in the contribution of animal research to
human health.
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Several rodent species that are reportedly diurnal in the field have been tested in the laboratory and found to show
alternative patterns of activity. These species include the golden spiny mouse (Acomys russatus),* fat sand rat
(Psammomys obesus),® and the tuco-tuco (Ctenomys knighti).® We are aware of four rodent species that are diurnally
active in the field and have been described as diurnal in the laboratory. These are the Mongolian gerbil (Meriones
unguiculatus), the degu (Octodon degus), the African grass rat (Arvicanthis niloticus), and the antelope ground squirrel
(Ammospermophilus leucurus). Here we review the literature on field and laboratory studies on these species and
present original experimental data comparing their daily temporal patterns of locomotor activity.

Materials and Methods

Bibliographic Research

Literature searches were conducted in October 2017 in two main databases: BIOSIS (Clarivate Analytics, formerly
Thomson Reuters) and PubMed (U.S. National Library of Medicine). The two databases contain approximately 26
million records each, with BIOSIS focusing on field life-science studies and PubMed focusing on biomedical studies.

Searches were conducted for the species name (genus plus species). In BIOSIS, the search was restricted to Taxonomic
Data so as to avoid spurious retrieval of species names appearing in reference lists rather than being the subject of a
study. PubMed does not index the references cited in an article, so we were able to include All Fields in the PubMed
search. PubMed was queried also for species name AND "circadian", so that articles dealing specifically with
daily/circadian rhythmicity could be retrieved separately from articles dealing with all other biological processes, for
example, seed dispersal or snake predation.

Animals

The experimental part of the study involved 24 individuals (12 males, 12 females) of each species, all adults between
the ages of 3 and 5 months. This number of subjects was calculated to be sufficient to attain statistical power of 0.8
based on the variances of the means in preliminary studies.

Mongolian gerbils (Figure 1A) were purchased from Charles River Laboratories (Wilmington, MA) with mean body
mass 88 g. Degus (Figure 1B) were purchased from Sandy’s Lakeside (Gaffney, SC) with mean body mass 237 g.
African grass rats, also called Nile grass rats (Figure 1C), were bred in a local colony with founders originally trapped
in Kenya’ and weighed 119 g. Antelope ground squirrels, occasionally also called white-tailed antelope squirrels
(Figure 1D), were born in captivity from pregnant females trapped by us in the field in Owyhee County, Idaho, and
weighed 121 g.

The conservation status listed by the International Union for Conservation of Nature for all four species is “Least
Concern.” Mongolian gerbils are indigenous to China and Mongolia® but easily available from commercial suppliers.
Degus are indigenous to Chile® and although not available through major animals suppliers are available from pet
stores in many countries. African grass rats are indigenous to much of northern Africal® and are not bred commercially.
Antelope ground squirrels are also unavailable commercially but are indigenous to much of western North America,!
which makes them accessible with relative ease to researchers in North America. Most ground squirrel species are
hibernators,*? but antelope ground squirrels remain active on the surface in the field throughout the entire year.13-16

Procedures

The experimental procedures were approved by the institutional animal care and use committees of the University of
South Carolina (Mongolian gerbils, degus, and African grass rats) and of Boise State University (antelope ground
squirrels) in accordance with the guidelines of the U.S. National Research Council’s Guide for the Care and Use of
Laboratory Animals.

All animals were housed individually in polypropylene cages (36 cm length, 24 cm width, 19 cm height) lined with
wood shavings and kept at 24 °C under a light-dark cycle with 12 hours of light per day (12L:12D, 360:0 lux). For
reference, the illuminance provided by a full moon is about 0.1 lux, that of the average human indoor working space
is 200 lux, and outdoor daylight exceeds 1,000 lux.%” Purina rodent chow was provided ad libitum on the metal cage
top, which also held a water bottle with a sipping tube.
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Each cage was equipped with a metallic running wheel (18 cm diameter for degus or 15 cm for the smaller species).
A small magnet attached to the wheel activated a magnetic switch affixed to the top of the cage and connected to data
acquisition boards, and activity counts were saved at 0.1 h intervals. We monitored activity with running wheels
because they are a traditional apparatus in research on circadian rhythms and also because they provide the animals
with the opportunity to engage in physical exercise.

The raw data reported in this article were deposited in the Open Science Framework archives at osf.io/a7kjc.

Data Analysis

After stable synchronization of the activity rhythm to the light-dark cycle (defined as 14 consecutive days with less
than 30-min variability of daily activity onsets), 10-day segments of the activity records of each animal were selected
for analysis. The time series were analyzed with computer programs written specifically for this study or with standard
programs from the Circadian Physiology software package.®> Analysis involved the computation of six parameters:
diurnality, acrophase, daily onset, alpha, robustness, and distance traveled.

Diurnality was computed as the number of wheel revolutions during the light phase of the light-dark cycle divided by
the total number of revolutions for the whole day. The acrophase (center of gravity of the activity rhythm) was
computed by the single cosinor procedure.’® ¥ The daily onset of activity (initiation of running-wheel activity) was
computed by an algorithm that smoothed the daily rhythm with an 8-hour moving-window filter and then identified
the onset of activity as the time when the smoothed curve rose above the daily mean. Alpha (duration of the activity
phase of the daily cycle) was calculated as the difference between the end (offset) and the beginning (onset) of activity,
with the end computed similarly to the beginning but using the time of the descent of the smoothed curve below the
daily mean. Robustness (strength of rhythmicity) was computed as the Qp value of the chi-square periodogram statistic
as a percentage of the maximal Qp value for the data set.?° The distance traveled (km/day) was computed from the
number of wheel revolutions and the circumference of the wheel. Differences between group means were evaluated
by factorial ANOVAs (with species and sex as the factors) followed by pairwise comparisons with Tukey’s test using
OpenStat.?*

Results

Literature Review

The quantitative results of the literature search are shown in Table 1. In both BIOSIS and PubMed, the search for
Meriones unguiculatus yielded four times as many documents as for the next most-represented species, Octodon
degus. Searches in BIOSIS consistently retrieved more documents than in PubMed. When the PubMed search was
restricted to documents containing the word circadian, the number of retrieved documents was greatly reduced. The
fraction of documents relevant to circadian biology was 2% for M. unguiculatus, 20% for O. degus, and 40% for A.
niloticus and A. leucurus.

The literature indicates that Mongolian gerbils are active during the day in the wild.?> 2 Some laboratory studies
reported the activity rhythm as crepuscular, with peaks at dawn and dusk and perhaps a slight diurnal preponderance
of activity,? 25 whereas others described gerbil activity in the lab as nocturnal 2% 27 One study showed that the activity
pattern of gerbils was diurnal when measured with motion detectors but nocturnal when measured with running
wheels.?® Two other investigations using running wheels exclusively found that some individual gerbils were diurnal
while others were nocturnal.?® % It seems, therefore, that the activity rhythm of the Mongolian gerbil in the lab is not
robust and may be expressed as either diurnal or nocturnal depending on the method used to record activity, and
furthermore that different individuals may simply express either diurnal or nocturnal activity as a matter of individual
peculiarity.

Degus in the wild are diurnal, exhibiting a bimodal pattern of intensity with prominent peaks at dawn and dusk during
the summer and with a continuous pattern throughout the midday during the shorter days of winter when
environmental temperature does not inhibit midday activity.®" 32 Laboratory studies show similar patterns,3-38 with
some studies demonstrating bimodality®® and others reporting predominantly unimodality.“® Similar to observations
on Mongolian gerbils, at least two investigations have reported degus to become nocturnal in the laboratory simply
upon gaining access to a running wheel.*- 2 However, approximately half of the degus in two other studies were
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diurnal and half were nocturnal regardless of the presence or absence of running wheels, apparently as a matter of
individual peculiarity.* 4! Thus, although degus appear to be more diurnal than Mongolian gerbils, they do not seem
to be reliably and consistently diurnal under laboratory conditions.

African grass rats are diurnal in the wild,*® and most laboratory studies have shown this species to be predominantly
diurnal.*-*° All African grass rats studied with running wheels in two laboratories were found to be predominantly

diurnal, 5% but a switch to nocturnality in animals with access to running wheels was reported in two other studies.>®
51

Antelope ground squirrels are diurnal in the wild.> Eight investigations all demonstrate that the species is
unquestionably diurnal under laboratory conditions.56-62

Experimental Findings

All four species were easily maintained in the laboratory. The animals could be routinely moved and weighed with
the help of a 600-ml plastic cup. Manual handling of individually-housed rodents is often difficult, although even
species not traditionally kept as pets, such as the African grass rat, can be handled if suitably trained.®

The most compact and exclusively diurnal running pattern among the four species was that of the antelope ground
squirrel, followed in rank by the African grass rat, the Mongolian gerbil, and the degu (Figure 2). The selected
actograms show the records of strong and consistent runners that exhibited robust rhythmicity, rather than “average”
runners. Most individuals of all four species ran on their wheels more than 1 km per day. Although the actograms of
gerbils and degus showed a strong component of daytime activity, they also showed considerable nighttime activity
(Figure 2), resulting in a lower fidelity of their overall activity to the daytime.

Antelope ground squirrels and African grass rats showed the smallest range of variability in the distribution of
individual daily onsets of activity (Figure 3). Individuals of these two species consistently started activity about the
time of lights-on, for a uniform diurnal pattern. In contrast, about half of the gerbils and degus started activity about
the time of lights-on (consistent with diurnal activity) and the other half about the time of lights-off (consistent with
nocturnal activity).

We compared six aspects of daily running-wheel activity in the four species (Figure 4). Diurnality varied significantly
among species, with antelope ground squirrels and African grass rats showing the greatest diurnality, Mongolian
gerbils intermediate and degus the least diurnal (Figure 4A, ANOVA effect of species: F3 gs = 69.889, p < 0.001).
There were no significant effects of sex (F1,ss = 2.004, p = 0.157) or of the interaction of species and sex (Fs, g3 =
1.671, p =0.1776).

As expected for diurnal animals, the acrophase of the activity rhythm occurred on average during the light phase of
the light dark-cycle in three of the species, but not in degus, for which the mean acrophase occurred at the beginning
of the dark phase (Figure 4B). This divergence of degus from the expected pattern yielded a significant difference
between species means (Fs, g3 = 32.481, p < 0.001). There were no significant effects of sex (F1,ss = 0.014, p = 0.904)
or of the interaction of species and sex (F3, ss = 0.958, p = 0.582).

Antelope ground squirrels and African grass rats showed the expected pattern for onset of activity in diurnal animals
with activity beginning at or near the time of lights-on (Figure 4C). Plots of the onsets of activity for Mongolian gerbils
and degus were obscured because about half the individuals of each of these species showed diurnal activity and half
showed nocturnal activity, thus producing a later hour in the day for mean onset. Accordingly, ANOVA indicated a
significant effect of species (Fs, g3 = 14.693, p < 0.001) though no significant effects of sex (F1,ss = 0.944, p = 0.665)
or of the interaction of species and sex (Fs, ss = 0.144, p = 0.933).

The duration of the active phase of the circadian cycle (alpha) was similar across the species, with an overall mean of
approximately 13 hours (Figure 4D). Activity duration was shortest in antelope ground squirrels (mean 10.5 hours),
which is reflected by a significant effect of species in the ANOVA (F3 ss = 13.727, p < 0.001). There were no
significant effects of sex (F1,ss = 0.533, p = 0.526) or of the interaction of species and sex (Fs ss = 2.023, p = 0.115).
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All individuals of all species showed statistically significant robustness of the activity rhythm, and antelope ground
squirrels showed the greatest robustness of all four species (Figure 4E). ANOVA confirmed a significant effect of
species (Fs, g3 = 18.264, p < 0.001) but no significant effects of sex (F1,ss = 1.276, p = 0.260) or of the interaction of
species and sex (Fs, ss = 0.683, p = 0.568).

Distance traveled (Figure 4F) was the only parameter that showed any differences between males and females. These
effects occurred in only two of the four species: female African grass rats ran less than males and female antelope
ground squirrels ran slightly more than males, as reflected by a significant interaction of species and sex (F3 ss = 3.346,
p = 0.022) without a main effect of sex per se (F1,ss = 0.756, p = 0.609). Regarding species differences in amount of
running, antelope ground squirrels showed the greatest amount of running, Mongolian gerbils the least, and the other
two species were intermediate (Fs ss = 30.094, p < 0.001).

Discussion

Our literature review revealed various degrees to which diurnality is expressed by each of the four species, and our
quantitative experimental comparisons demonstrated marked differences among the species in their suitability as
model species based on substantial differences in the consistency and relative exclusivity of their daytime activity.
Antelope ground squirrels showed the strongest, most robust and most consistent patterns of diurnal activity, followed
in order by African grass rats, which had consistent diurnal activity, and finally by Mongolian gerbils and degus, both
of which were in fact only partially diurnal.

We suggest four primary considerations that should be taken in the choice of a diurnal laboratory animal model: the
degree of exclusivity of diurnality, the availability and cost of the animals, their laboratory suitability (particularly
body size), and the breadth and depth of the scientific literature about the species.

We have shown that the problem with Mongolian gerbils is their poor degree of diurnality, in that about half of them
are not consistently active during the day. Mongolian gerbils are the most easily available of the four species, as they
are sold by many suppliers of laboratory animals and are quite suitable for the laboratory, weighing about 90 g. These
gerbils have been the subject of more previous research than the other three species combined. Taking into account
that individual gerbils may vary considerably in the degree of their diurnality,?®-%° selective breeding for a diurnal
disposition could be attempted, although there is no guarantee that selective breeding would be successful or that it
would not unintentionally affect other traits.

As with Mongolian gerbils, degus are not reliably diurnal in the laboratory, and the robustness of their activity rhythm
is the lowest of the four species we studied. Degus are not available from major suppliers of laboratory animals but
can be obtained from pet stores in many countries. They are larger than Mongolian gerbils, at approximately 240 g,
but still small enough for convenient housing in the laboratory. Degus have not been used as research subjects as much
as Mongolian gerbils, but considerable knowledge has accumulated about their physiology.

African grass rats are consistently diurnal and exhibit robust rhythmicity of activity. Considerable knowledge has
accumulated about their anatomy and physiology, particularly neuroanatomy and neurophysiology. African grass rats
are smaller than laboratory rats but larger than laboratory mice, at approximately 120 g. The availability of African
grass rats, especially for researchers in North America, is not good. Unless one can obtain breeding pairs from a
researcher who already has an African grass rat colony, a new investigator would need to travel to Africa to trap
animals for research.

Antelope ground squirrels are the most strongly and consistently diurnal of the four species (diurnality index = 0.97,
rhythm robustness = 41%). The duration of the active phase of the daily cycle is shorter in antelope ground squirrels
(o = 10.5 h) than in African grass rats (o = 13.5 h), which raises the diurnality index of the antelope ground squirrel
but makes its activity duration less similar to that of humans (o = 15.5 h). On the other hand, the free-running period
of the antelope ground squirrel (z = 24.2 h)®2 matches the human free-running period (t = 24.2 h).%* Like African grass
rats, antelope ground squirrels are smaller than laboratory rats but larger than laboratory mice, weighing approximately
120 g. Although antelope ground squirrels are not currently available from major suppliers of laboratory animals or
from pet stores, they can be trapped in the field over a large part of western North America, where they are often the
only diurnal rodents inhabiting desert areas.'* Additionally, although most laboratory rodents have a short life of only
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two or three years, antelope ground squirrels have been reported to live up to 8 years in captivity.5° Given all of these
advantages and a recent call for increased diversity of animal models,% the antelope ground squirrel seems to be a
particularly valuable option for a diurnal rodent for laboratory research.

Although we housed all four species under the same conditions to avoid the confounding effects of uncontrolled
variables, we recognize that different species of laboratory rodents may thrive under distinct housing conditions. We
did not observe abnormal behavior in individuals of any of the four species, but stereotypies have been described in
laboratory-housed Mongolian gerbils® 6" and have been attributed to impoverished housing conditions.%

The matter of procurement of animals is worthy of emphasis. Although the growing use of genetically-modified
rodents or rodents raised under special conditions has led many research facilities to breed their own animals rather
than buy them from commercial breeders, the introduction of wild rodents into a vivarium would meet with some
initial challenges. Animals captured in the field would have to be held in quarantine and bred to the next generation
before they could be introduced into a pathogen-free facility, and protocols for breeding them outside the main facility
in order to develop clean animals would have to be developed on a case-by-case basis. Thus, the adoption of a species
such as the antelope ground squirrel would require a significant investment in animal facilities, presumably justified
by the value of its extreme and exclusive diurnal activity pattern. Compared to establishing a primate colony, the
investments required for a new rodent model species would likely be much less.

Also of importance regarding the adoption of a new model species is the matter of methodological resources for
research. At the present time, methodological resources for research on diurnally active rodents are far fewer than for
the nocturnally active mouse and rat. The availability of stereotaxic atlases for neuroscience research,® 7 for example,
is only one such resource. Sequencing of the mouse and rat genomes in the early 2000’s’ 72 opened the door to
unprecedented advances in rodent genomics, but fortunately with ongoing advances in genomics the sequencing of
new genomes becomes easier with each passing year. Thus we can be encouraged with the possibility that these
resources could also be developed in order to facilitate the advances in biomedical research that could be made with
diurnally active rodents taking into account their greater validity and relevance as models of the circadian organization
of physiology and behavior. The award of the 2017 Nobel Prize in Physiology/Medicine to circadian biologists may
have marked a turning point in the attention that biomedical science will pay in the future to the importance of
biological clocks.

Declaration of Conflicting Interests
The authors declare that there is no conflict of interest.
References

. Dunlap JC, Loros JJ and DeCoursey PJ. Chronobiology: biological timekeeping. Sunderland: Sinauer, 2004.

. Koukkari WL and Sothern RB. Introducing biological rhythms. New York: Springer, 2006.

. Refinetti R. Circadian physiology. 3rd ed. Boca Raton: CRC Press, 2016.

. Cohen R and Kronfeld-Schor N. Individual variability and photic entrainment of circadian rhythms in golden
spiny mice. Physiol Behav 2006; 87: 563-574.

5. Barak O and Kronfeld-Schor N. Activity rhythms and masking response in the diurnal fat sand rat under
laboratory conditions. Chronobiol Int 2013; 30: 1123-1134.

. Tachinardi P, Bicudo JEW, Oda GA et al. Rhythmic 24 h variation of core body temperature and locomotor
activity in a subterranean rodent (Ctenomys aff. knighti), the tuco-tuco. PLOS One 2014; 9: e85674.

. Refinetti R. The Nile grass rat as a laboratory animal. Lab Animal (NY) 2004; 33(9): 54-57.

. Gulotta EF. Meriones unguiculatus. Mammalian Species 1971; 3: 1-5.

. Woods CA and Boraker DK. Octodon degus. Mammalian Species 1975; 67: 1-5.

0. Musser GG and Carleton MD. Arvicanthis. In: Wilson DE and Reeder DAM (eds) Mammals of the world: a
taxonomic and geographic reference. 3rd ed. Baltimore: Johns Hopkins University Press, 2005, vol. 2, pp.
1285-1292.

11. Koprowski JL, Goldstein EA, Bennett KR et al. Family Sciuridae, Genus Ammospermophilus. In: Wilson DE,

Lacher TE and Mittermeier RA (eds.) Handbook of the mammals of the world. Barcelona: Lynx, 2016, vol.
6, pp. 795-796.
12. Ruby NF. Hibernation: when good clocks go cold. J Biol Rhythms 2003; 18: 275-286.

A OWN P

[op]

= O 00



This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at
Laboratory Animals, published by SAGE. Copyright restrictions may apply. doi: 10.1177/0023677218771720

13.

14,

15.

16.

17.

18.
19.

20.

21.
22.

23.

24,
25.

26.

217.

28.

29.

30.
3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Hudson JW. The role of water in the biology of the antelope ground squirrel, Citellus leucurus. Univ Calif Publ
Zool 1962; 64: 1-56.

Chappell MA and Bartholomew GA. Activity and thermoregulation of the antelope ground squirrel
Ammaospermophilus leucurus in winter and summer. Physiol Zool 1981; 54: 215-223.

Karasov WH. Wintertime energy conservation by huddling in antelope ground squirrels (Ammospermophilus
leucurus). J Mammal 1983; 64: 341-345.

Kenagy GJ and Bartholomew GA. Seasonal reproductive patterns in five coexisting California desert rodent
species. Ecol Monogr 1985; 55: 371-397.

Rea MS (ed.) The IESNA lighting handbook. 9th ed. New York: Illuminating Engineering Society of North
America, 2000.

Nelson W, Tong YL, Lee JK et al. Methods for cosinor rhythmometry. Chronobiologia 1979; 6: 305-323.

Refinetti R, Cornélissen G and Halberg F. Procedures for numerical analysis of circadian rhythms. Biol Rhythm
Res 2007; 38: 275-325.

Refinetti R. Non-stationary time series and the robustness of circadian rhythms. J Theor Biol 2004; 227: 571-
581.

Miller W. OpenStat reference manual. New York: Springer, 2013.

Agren G, Zhou Q and Zhong W. Ecology and social behaviour of Mongolian gerbils, Meriones unguiculatus, at
Xilinhot, Inner Mongolia, China. Anim Behav 1989; 37: 11-27.

Liu W, Wan X and Zhong W. Population dynamics of the Mongolian gerbils: seasonal patterns and interactions
among density, reproduction and climate. J Arid Environm 2007; 68: 383-397.

Stutz AM. Diurnal rhythms of spontaneous activity in the Mongolian gerbil. Physiol Zool 1972; 45: 325-334.

Pietrewicz AT, Hoff MP and Higgins SA. Activity rhythms in the Mongolian gerbil under natural light
conditions. Physiol Behav 1982; 29: 377-380.

Nelissen M and Nelissen-Joris N. On the diurnal rhythm of activity of Meriones unguiculatus (Milne-Edwards,
1867). Acta Zool Patol Antverp 1975; 61: 25-30.

Gattermann R and Weinandy R. Lack of social entrainment of circadian activity rhythms in the solitary golden
hamster and in the highly social Mongolian gerbil. Biol Rhythm Res 1997; 28(S): 85-93.

Weinert D, Weinandy R and Gattermann R. Photic and non-photic effects on the daily activity pattern of
Mongolian gerbils. Physiol Behav 2007; 90: 325-333.

Umezu T, Kuribara H and Tadokoro S. Characteristics of circadian rhythm of wheel-running activity and
drinking behavior in Mongolian gerbils. Yakubutsu Seishin Kodo 1989; 9: 369-373.

Refinetti R. Variability of diurnality in laboratory rodents. J Comp Physiol A 2006; 192: 701-714.

Kenagy GJ, Nespolo RF, Vasquez RA et al. Daily and seasonal limits of time and temperature to activity of
degus. Rev Chil Hist Nat 2002; 75: 567-581.

Ocampo-Garcés A, Mena W, Hernandez F et al. Circadian chronotypes among wild-captured west Andean
octodontids. Biol Res 2006; 39: 209-220.

Labyak SE and Lee TM. Estrus- and steroid-induced changes in circadian rhythms in a diurnal rodent, Octodon
degus. Physiol Behav 1995; 58: 573-585.

Labyak SE, Lee TM and Goel N. Rhythm chronotypes in a diurnal rodent, Octodon degus. Am J Physiol 1997;
273: R1058-R1066.

Kas MJH and Edgar DM. Photic phase response curve in Octodon degus: assessment as a function of activity
phase preference. Am J Physiol 200; 278; R1385-R1389.

Mohawk JA and Lee TM. Restraint stress delays reentrainment in male and female diurnal and nocturnal
rodents. J Biol Rhythms 2005; 20: 245-256.

Refinetti R. Enhanced circadian photoresponsiveness after prolonged dark adaptation in seven species of diurnal
and nocturnal rodents. Physiol Behav 2007; 90: 431-437.

Ashkenazy-Frolinger T, Einat H and Kronfeld-Schor N. Diurnal rodents as an advantageous model for affective
disorders: novel data from diurnal rodents. J Neural Transm 2015; 122: S35-S45.

Garcia-Allegue R, Lax P, Madariaga AM et al. Locomotor and feeding activity rhythms in a light-entrained
diurnal rodent, Octodon degus. Am J Physiol 1999; 277: R523-R531.

Refinetti R. Rhythms of body temperature and temperature selection are out of phase in a diurnal rodent,
Octodon degus. Physiol Behav 1996; 60: 959-961.

Kas MJH and Edgar DM. A nonphotic stimulus inverts the diurnal-nocturnal phase preference in Octodon degus.
J Neurosci 1999; 19: 328-333.

Ocampo-Garcés A, Hernandez F, Mena W et al. Wheel-running and rest activity pattern interaction in two
octodontids (Octodon degus, Octodon bridgesi). Biol Res 2005; 38: 299-305.




This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at
Laboratory Animals, published by SAGE. Copyright restrictions may apply. doi: 10.1177/0023677218771720

43. Blanchong JA and Smale L. Temporal patterns of activity of the unstriped Nile rat, Arvicanthis niloticus. J
Mammal 2000; 81: 595-599.

44. McElhinny TL, Smale L and Holekamp KE. Patterns of body temperature, activity, and reproductive behavior in
a tropical murid rodent, Arvicanthis niloticus. Physiol Behav 1997; 62: 91-96.

45. Novak CM and Albers HE. N-methyl-D-aspartate microinjected into the suprachiasmatic nucleus mimics the
phase-shifting effects of light in the diurnal Nile grass rat (Arvicanthis niloticus). Brain Res 2002; 951:
255-263.

46. Refinetti R. Absence of circadian and photoperiodic conservation of energy expenditure in three rodent species.
J Comp Physiol B 2007; 177: 309-318.

47. Schrader JA, Walaszczyk EJ and Smale L. Changing patterns of daily rhythmicity across reproductive states in
diurnal female Nile grass rats (Arvicanthis niloticus). Physiol Behav 2009; 98: 547-556.

48. Gall AJ, Smale L, Yan L et al. Lesions of the intergeniculate leaflet lead to a reorganization in circadian
regulation and a reversal in masking responses to photic stimuli in the Nile grass rat. PLoS One 2013; 8:
e67387.

49. Gall AJ, Shuboni DD, Yan L et al. Suprachiasmatic nucleus and subparaventricular zone lesions disrupt
circadian rhythmicity but not light-induced masking behavior in Nile grass rats. J Biol Rhythms 2016; 31:
170-181.

50. Blanchong JA, McElhinny TL, Mahoney MM et al. Nocturnal and diurnal rhythms in the unstriped Nile rat,
Arvicanthis niloticus. J Biol Rhythms. 14, 364-377 (1999).

51. Schwartz, M. D. and Smale, L. Individual differences in rhythms of behavioral sleep and its neural substrates in
Nile grass rats. J Biol Rhythms 2005; 20: 526-537.

52. Refinetti R. Parameters of photic resetting of the circadian system of a diurnal rodent, the Nile grass rat. Acta Sci
Vet 2004; 32: 1-6.

53. Refinetti R. Daily activity patterns of a nocturnal and a diurnal rodent in a seminatural environment. Physiol
Behav 2004; 82: 285-294.

54. Redlin U and Mrosovsky N. Nocturnal activity in a diurnal rodent (Arvicanthis niloticus): the importance of
masking. J Biol Rhythms 2004; 19: 58-67.

55. Karasov WH. Daily energy expenditure and the cost of activity in a free-living mammal. Oecologia 1981, 51:
253-259.

56. Swade RH and Pittendrigh CS. Circadian locomotor rhythms of rodents in the Arctic. Am Nat 1967; 101; 431-
466.

57. DeCoursey PJ. Free-running rhythms and patterns of circadian entrainment in three species of diurnal rodents. J
Interd Cycle Res 1973; 4: 67-77.

58. Kenagy GJ. Seasonality of endogenous circadian rhythms in a diurnal rodent Ammospermophilus leucurus and a
nocturnal rodent Dipodomys merriami. J Comp Physiol A 1978; 128: 21-36.

59. Pohl H. Light pulses entrain the circadian activity rhythm of a diurnal rodent (Ammospermophilus leucurus).
Comp Biochem Physiol B 1983; 76: 723-729.

60. DeCoursey PJ, Krulas JR, Mele G et al. Circadian performance of suprachiasmatic nuclei (SCN)-lesioned
antelope ground squirrels in a desert enclosure. Physiol Behav 1997; 62: 1099-1108.

61. Pohl H. Temperature cycles as zeitgeber for the circadian clock of two burrowing rodents, the normothermic
antelope ground squirrel and heterothermic Syrian hamster. Biol Rhythm Res 1998; 29: 311-325.

62. Refinetti R and Kenagy GJ. Circadian rhythms of body temperature and locomotor activity in the antelope
ground squirrel. J Therm Biol 2018; 72: 67-72.

63. Soler JE, Robison AJ, Nunez AA et al. Light modulates hippocampal function and spatial learning in a diurnal
rodent species: a study using male Nile grass rat (Arvicanthis niloticus). Hippocampus 2018; 28:189-200.

64. Czeisler CA, Duffy JF, Shanahan TL et al. Stability, precision, and near-24-hour period of the human circadian
pacemaker. Science 1999; 284: 2177-2181.

65. Yartsev MM. The emperor’s new wardrobe: rebalancing diversity of animal models in neuroscience research.
Science 2017; 358: 466-469.

66. Stuermer IW, Plotz K, Leybold A, Zinke O, Kalberlah O, Samjaa R, Scheich H. Intraspecific allometric
comparison of laboratory gerbils with Mongolian gerbils trapped in the wild indicates domestication in
Meriones unguiculatus (Milne-Edwards, 1867) (Rodentia: Gerbillinae). Zool Anz 2003; 242: 249-266.

67. Moons CP, Breugelmans S, Cassiman N, Kalmar ID, Peremans K, Hermans K, Odberg FO. The effect of
different working definitions on behavioral research involving stereotypies in Mongolian gerbils (Meriones
unguiculatus). J Am Assoc Lab Anim Sci 2012; 51: 170-176.



This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at
Laboratory Animals, published by SAGE. Copyright restrictions may apply. doi: 10.1177/0023677218771720

68. Waiblinger E, Konig B. Refinement of gerbil housing and husbandry in the laboratory. Altern Lab Anim 2004;
32 (Suppl 1A): 163-169.

69. Paxinos G and Franklin K. The mouse brain in stereotaxic coordinates. 4™ ed. New York: Academic Press,
2012.

70. Paxinos G and Watson C. The rat brain in stereotaxic coordinates. 6™ ed. New York: Academic Press, 2007.

71. Mouse Genome Sequencing Consortium. Initial sequencing and comparative analysis of the mouse genome.
Nature 2002; 420: 520-562.

72. Rat Genome Sequencing Project Consortium. Genome sequence of the Brown Norway rat yields insights into
mammalian evolution. Nature 2004; 428: 493-521.

73. Ledford H and Callaway E. Circadian clocks scoop Nobel prize. Nature 2017; 550: 18.

Table 1 Quantitative results (number of published studies) from the literature search

BIOSIS PubMed A PubMed B
Meriones unguiculatus
(Mongolian gerbil) 1841 1441 31
Octodon degus
(Degu) 465 296 57
Arvicanthis niloticus
(African grass rat) 240 147 64
Ammospermophilus leucurus
(Antelope ground squirrel) 33 10 4

PubMed A: search for species name only
PubMed B: search for species name AND circadian
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Figure 1 The four species compared in the present study. A: Mongolian gerbil (Meriones unguiculatus) photographed
by Stefan Kdder. B: degu (Octodon degus) photographed by Arjan Haverkamp. C: African grass rat (Arvicanthis
niloticus) photographed by Roberto Refinetti. D: antelope ground squirrel (Ammospermophilus leucurus)
photographed by Roberto Refinetti.
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Figure 2 Actograms of the locomotor activity records of representatives of each of the four species tested. Actograms
are plotted with the time of day on the horizontal axis and successive days on the vertical axis.
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Figure 3 Frequency distributions of the daily onsets of activity for the four species (n = 24 individuals per species).
The value for each individual is the average onset over 10 days .
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Figure 4 Mean values (+ SEM) of each of the six computed statistics for each of the four species studied. In each
panel, bars with dissimilar letters are significantly different from each other, as determined by post hoc Tukey’s tests
(p < 0.05). The dashed lines in panels B and C indicate the daily time of lights-on (08:00).
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