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Abstract

The temporal niche that an animal occupies includes a coordinated suite of behavio-
ral and physiological processes that set diurnal and nocturnal animals apart. The
daily rhythms of the two chronotypes are regulated by both the circadian system and
direct responses to light, a process called masking. Here we review the literature on
circadian regulations and masking responses in diurnal mammals, focusing on our
work using the diurnal Nile grass rat (Arvicanthis niloticus) and comparing our find-
ings with those derived from other diurnal and nocturnal models. There are certainly
similarities between the circadian systems of diurnal and nocturnal mammals, espe-
cially in the phase and functioning of the principal circadian oscillator within the
hypothalamic suprachiasmatic nucleus (SCN). However, the downstream pathways,
direct or indirect from the SCN, lead to drastic differences in the phase of extra-SCN
oscillators, with most showing a complete reversal from the phase seen in nocturnal
species. This reversal, however, is not universal and in some cases the phases of
extra-SCN oscillators are only a few hours apart between diurnal and nocturnal spe-
cies. The behavioral masking responses in general are opposite between diurnal and
nocturnal species, and are matched by differential responses to light and dark in
several retinorecipient sites in their brain. The available anatomical and functional
data suggest that diurnal brains are not simply a phase-reversed version of nocturnal
ones, and work with diurnal models contribute significantly to a better understanding

of the circadian and photic modulation of daily rhythms in our own diurnal species.
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1 | INTRODUCTION

BNST-ov, bed nucleus of the stria terminalis oval; CEA, central amygdala; DG,
dentate gyrus; EP, equatorial photoperiods; IGL, intergeniculate leaflet; LD,
light/dark; LHD, lateral habenula; LP, long photoperiods; OPT, olivary pretectal
nucleus; SCN, suprachiasmatic nucleus; SP, short photoperiods; VGL, ventro-
lateral geniculate nucleus; VSPZ, ventral subparaventricular zone.
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One of the most salient features of an animal’s mode of adap-
tation to its environment is the time of day at which it is most
active. The temporal niche that an animal occupies influences
a coordinated suite of behavioral and physiological processes
that set diurnal and nocturnal animals apart (Cuesta, Clesse,
Pévet, & Challet, 2009; Kronfeld-Schor & Dayan, 2008;
Refinetti, 2008; Smale, Lee, & Nunez, 2003). The basic ac-
tivity patterns are heavily influenced by an internal circadian
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system that drives the increases in activity at one time of day
and decreases at another. The rhythm is generated internally,
but is synchronized by environmental cues referred to as zeit-
gebers, with the primary one being the light/dark (LD) cycle
(Daan, 1977). While this circadian system produces a drive
that has a powerful influence on the daily profiles of numer-
ous behaviors, that influence is modulated, and sometimes
even blocked outright, by a variety of other factors, including
the ambient light to which animals are exposed. This pro-
cess is referred to as “masking” (Mrosovsky, 1999). Thus,
daily rhythms in behavior and physiology are under the in-
fluence of both the circadian system and masking, as well
as interactions between the two. At some times of day they
reinforce each other while at others masking can block the
circadian influence or the circadian system can override the
processes responsible for masking (Aschoff, 1999; Aschoff
& von Goetz, 1988; Redlin & Mrosovsky, 1999).

Although the vast majority of research in the field has
focused on nocturnal rodents, recent development of diur-
nal models has enabled substantial progress to be made in
our understanding of both circadian and photic modulation
of activity patterns of day-active mammals (Smale, Nunez,
& Schwartz, 2008). In general, the effects of light on the
circadian timekeeping system are very similar in nocturnal
and diurnal animals, whereas the effects of that system on
the myriad of rhythms that it controls are very different.
The direct influences of light (i. e., masking) on behavioral
responses are also very different between nocturnal and di-
urnal species, such that it increases activity in diurnal spe-
cies, (positive masking) and suppresses it in nocturnal ones
(negative masking) (Cohen, Smale, & Kronfeld-Schor, 2010;
Hagenauer & Lee, 2008; Shuboni, Cramm, Yan, Nunez, &
Smale, 2012). In the present review, we will elaborate on
both of these systems and their neural mechanisms in day-
active mammals. However, first, motivated by the sentiment
articulated so well by Dobzhansky that “nothing makes sense
in biology except in the light of evolution” (Dobzhansky,
1964), we briefly consider the pathways that have led to his-
torical transitions from one temporal niche to another and to
the emergence of diurnality along some of them.

2 | EVOLUTIONARY PATHWAYS
TO MAMMALIAN DIURNALITY

Among modern mammals, unlike fish, reptiles and birds,
the predominant activity pattern is nocturnal. This nocturnal
dominance reflects the evolutionary origins of this group,
which began approximately 225 million years ago with entry
into a ‘“nocturnal bottleneck” (Walls, 1942). Restriction
of their activity to the night through this Mesozoic Era is
thought to have enabled early mammals to escape preda-
tion by the diurnal dinosaurs that dominated the landscapes

(Gerkema, Davies, Foster, Menaker, & Hut, 2013). During
this period, those early mammals evolved a range of adap-
tations that optimized survival with a night-active lifestyle,
including thermoregulatory systems that support activity in
a colder world and visual systems better suited for operat-
ing in the dark (Crompton, Taylor, & Jagger, 1978; Gerkema
et al., 2013; Walls, 1942). One of the most recent phyloge-
netic analysis suggests that this nocturnal bottleneck began
to open up approximately 65—75 million years ago at the very
end of the Mesozoic Era, when some mammals extended
their active period into the daylight hours (Maor, Dayan,
Ferguson-Gow, & Jones, 2017); the emergence of this cath-
emeral pattern is likely to have occurred among the shrews
and moles (Soricidae). Approximately 10 million years later,
following the mass extinction event that wiped out all non-
avian dinosaurs at the end of Cretaceous period, the mammal-
dominated Cenozoic Era began. Diurnal mammals emerged
at that time, and the elephant shrews (Macroscelididae) were
likely to be the first to have made that move (Maor et al.,
2017). Interestingly, recent analyses suggest that after 30 mil-
lion years period during which both nocturnal and diurnal
mammals diversified, rising temperatures led to the extinc-
tion of most of the diurnal ones (Wu, Yonezawa, & Kishino,
2017). It was not until the end of that second, smaller, bottle-
neck, that diurnality resurfaced, which it did along numerous
independent evolutionary pathways, many of which involved
crossing another “cathemeral bridge” (Maor etal., 2017;
Santini, Rojas, & Donatin, 2015). However, even today most
mammals remain nocturnal (Gerkema et al., 2013).

3 | DIURNAL RODENT MODELS
FOR THE STUDY OF CIRCADIAN
RHYTHMS AND MASKING

Humans are fundamentally diurnal. Although there is con-
siderable inter-individual variability in activity patterns,
such that the so-called “early larks” or “night owls” whose
sleep/wake schedules are significantly advanced or delayed,
respectively, compared to the majority of the population, hu-
mans in general are most active during the day and sleep at
night. Disrupting this natural diurnal pattern, for example,
with shift work or other features of a modern lifestyle, can
bring with it a high risk for a multitude of pathological con-
ditions (Nunez, Yan, & Smale, 2018). Thus, diurnal mod-
els may make unique contributions to our understanding of
the circadian and photic modulation of brain and behavior
in humans.

A few diurnal rodent models have been established and
have yielded important information and provided signifi-
cant insight into the workings of a diurnal brain. However,
each has its limitations. Ground squirrels, for example, have
only one very brief period of estrus per year, are extremely



YAN ET AL.

difficult to breed in captivity, and their circadian rhythms
change on a circannual basis (Lee, Carmichael, & Zucker,
1986). The South American degus breeds well in captiv-
ity, but very slowly, with a 21 day estrous cycle, a 3 month
gestation period and a 3 month period to reach reproductive
maturity (Palacios & Lee, 2013). These animals have been
ideal for studies of how rhythms change during the adoles-
cent period (Hagenauer & Lee, 2008), but the maintenance of
a breeding colony of animals that are this slow to reproduce
has limited their use.

A cohort of Nile grass rats (Arvicanthis niloticus) was
brought to the United States from Kenya, East Africa, 25 years
ago and was used to develop a breeding colony that has been
maintained at Michigan State University since then. Nile grass
rats are members of the family Muridae, as are laboratory mice
(Mus musculus), and these species are likely to have diverged
from a common ancestor relatively recently. Nile grass rats, like
mice, attain reproductive maturity rapidly, have a 24-day ges-
tation period and mate on a postpartum estrus, which makes
maintenance of a colony relatively straightforward (Refinetti,
2004b). In the field, Nile grass rats have a clear diurnal pattern
of above-ground activity (Figure 1; Blanchong & Smale, 2000).
In the laboratory, these animals are diurnal with respect to pat-
terns of sleep, general locomotor activity, mating behavior, body
temperature and secretion of luteinizing hormone (Mahoney
& Smale, 2005; McElhinny, Sisk, Holekamp, & Smale, 1999;
McElhinny, Smale, & Holekamp, 1997; Novak, Smale, &
Nunez, 1999).

The visual system has been characterized in Nile grass
rats (Gaillard et al., 2008) and in a closely related species,
the Sudanese grass rat (Arvicanthis. ansorgei) (Bobu, Craft,
Masson-Pevet, & Hicks, 2006), and many features special-
ized for operating in the daylight hours have been revealed
in these animals. For example, 30%—40% of their photore-
ceptors are cones compared to only 1%—2% in laboratory
mice or rats, and some antigens present in bipolar and ama-
crine cells are characteristic of grass rats and other diurnal

|
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FIGURE 1 Total number of Nile 15 1
grass rats and other rodents captured in
timer traps during each hour of a day in
Kenya, the natural habitat of Nile grass rats.
The Nile grass rats and the so-called “other
rodents” had diurnal and nocturnal pattern

Number captured
=
o
1

of activity respectively. Black-white bar on
top indicates daily light/dark schedule with
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rodents but not nocturnal ones (Bobu et al., 2006; Gaillard
et al., 2008). Molecular analyses have suggested that grass
rats possess blue/violet-sensitive s-cones as other diurnal
rodents do (Gaillard, Kuny, & Sauve, 2009), and functional
specializations for diurnality have also been revealed by
analyses of recordings from the electroretinogram (Gilmour
et al., 2008). Furthermore, the optic tectum of a grass rat is
approximately the same size as that of a laboratory rat whose
body weight is 3—4 times higher, suggesting that the visual
brain is also specialized for a day-active life style in these ani-
mals (Gaillard, Karten, & Sauve, 2013). Indeed, compared to
other commonly used diurnal rodent models, that is, Degus or
Mongolian gerbil, the Nile grass rat has the highest diurnality
index score (Refinetti, 2008). Therefore, the Nile grass rat is
an ideal diurnal model and in this paper, while integrating ev-
idence from a diverse set of diurnal species, we will highlight
some work that our group has done with these rodents.

4 | CIRCADIAN TIME-KEEPING
IN DIURNAL MAMMALS

The circadian system of early mammals was transformed
when the first ones evolved from a nocturnal ancestor such
that it could now drive activity up during the day and down
at night and generate physiological rhythms that could sup-
port that new pattern of behavior. This system is organized
in a hierarchical manner, with the principal brain clock, the
hypothalamic suprachiasmatic nucleus (SCN), coordinat-
ing the circadian thythms of subordinate clocks in the brain
and in peripheral tissues/organs (Davidson, Yamazaki, &
Menaker, 2003). So, the important question here is where
and how within this system did the signals become reversed
in diurnal and nocturnal animals.

The SCN, also referred as a light-entrainable oscillator,
keeps time relative to the environmental LD cycle, regard-
less of the time of day at which animals are most active

u _J Nile grass rats
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(Challet, Pitrosky, Sicard, Malan, & Pevet, 2002; Smale
et al., 2003, 2008). The molecular mechanisms of circa-
dian timekeeping have been described as interlocked tran-
scriptional and translational feedback loops involving a set
of so-called clock genes, a topic which has been reviewed
elsewhere (Okamura, 2004, 2007; Takahashi, Hong, Ko, &
McDearmon, 2008). Expression of many clock genes and
clock-controlled genes in the SCN has also been found to
oscillate in similar phase relative to the LD cycle in diurnal
and nocturnal mammals (Caldelas, Poirel, Sicard, Pevet,
& Challet, 2003; Chakir et al., 2015; Ikeno, Williams,
Buck, Barnes, & Yan, 2017; Lambert, Machida, Smale,
Nunez, & Weaver, 2005; Lincoln, Messager, Andersson,
& Hazlerigg, 2002; Mahoney et al., 2009; Mrosovsky,
Edelstein, Hastings, & Maywood, 2001; Ramanathan,
Nunez, Martinez, Schwartz, & Smale, 2006; Valenzuela
et al., 2008). There have been only subtle differences found
so far between diurnal and nocturnal mammals involving
the expression pattern of one clock gene, conveniently
named clock. In contrast to the constitutive expression of
clock mRNA in the SCN of nocturnal mammals, its ex-
pression is rhythmic in several diurnal ones including
Barbary striped grass mice, sheep and capuchin monkeys,
with the peak phase occurring in the late subjective day
(Chakir et al., 2015; Lincoln et al., 2002; Valenzuela et al.,
2008). Consistent with the similarly phased expression
of other clock genes in the SCN, numerous studies mea-
suring a range of different parameters have revealed that
the phase of circadian oscillations within the SCN is the
same in diurnal and nocturnal mammals. For example,
its overall metabolism and electrical activity are high-
est during the day in both diurnal and nocturnal rodents
(Inouye & Kawamura, 1979; Sato & Kawamura, 1984;
Schwartz, Reppert, Eagan, & Moore-Ede, 1983; Yamazaki,
Kerbeshian, Hocker, Block, & Menaker, 1998). These sim-
ilarities in the functioning of the SCN as a circadian time-
keeper support the view that the mechanisms responsible
for whether an animal is most active during the day or night
most likely lies downstream of the master clock within the
SCN (Smale et al., 2003, 2008).

Given the fundamental differences between diurnal and
nocturnal species with respect to their behavioral and phys-
iological rhythms, one would expect the subordinate clocks
directly linked to these functions to be reversed. In Nile
grass rats, we have found that rhythms in many extra-SCN
brain regions are in anti-phase relative to those of noctur-
nal rodents, however, there are other extra-SCN regions in
which the phase of the rhythms differs in less extreme ways
(Ramanathan, Nunez, & Smale, 2008; Ramanathan, Smale,
& Nunez, 2008; Ramanathan, Stowie, Smale, & Nunez,
2010a, 2010b). For example, in the basolateral amygdala
(BLA), the peak phase of PER2 is only a few hours apart,
while in the dentate gyrus (DG), PER2 peaks in early

morning in nocturnal laboratory rats but is not rhythmic in
diurnal Nile grass rats (Figure 2). The results suggest that
there is no single simple switch that causes some animals to
be nocturnal and others to be diurnal (Smale et al., 2008). In
human brains, cortical and limbic regions have been found
to show rhythms with a phase consistent with those of other
diurnal mammals (Li et al., 2013).

In the periphery, circadian oscillations have been re-
ported in various diurnal species in different tissues and
organs, and the rhythms are usually reversed compared to
those of nocturnal species (Andersson, Johnston, Messager,
Hazlerigg, & Lincoln, 2005; Lambert & Weaver, 2006;
Lemos, Downs, & Urbanski, 2006; Murphy et al., 2015;
Valenzuela et al., 2008). The most detailed and complete
analysis of clock gene expression in a diurnal species comes
from a recent study using our close relative, the olive ba-
boon (Papio anubis), in which the transcriptomes were ex-
amined in 22 brain regions and 42 peripheral tissues of 12
animals, sacrificed at 2 hr intervals across the day (Mure
et al., 2018). This impressive effort has revealed that over
80% of the protein-coding genes are expressed rhythmi-
cally, and most ubiquitously expressed genes exhibit rhyth-
mic expression in a tissue-specific manner. Additionally,
comparing the data from diurnal baboons and nocturnal

| [
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FIGURE 2
expression in the SCN, bed nucleus of the stria terminalis oval

(BNST-ov), central amygdala (CEA), basolateral amygdala (BLA) and
dentate gyrus (DG) in diurnal Nile grass rats and nocturnal laboratory

Schematic showing the peak phase of PER2

rats. Comparing the diurnal Nile grass rats and nocturnal laboratory
rats, the expression of PER2 is in phase in the SCN, but anti-phased
in the BNST-ov and CEA. In the BLA, PER2 is high in laboratory
rats from late night to early morning, while in grass rats, there is an
acute peak in late afternoon. In the DGof laboratory rats, PER2 peaks
in early morning, while in the DGof grass rats, PER2 expression is
not rhythmic (Amir, Lamont, Robinson, & Stewart, 2004; Lamont,
Robinson, Stewart, & Amir, 2005; Ramanathan et al., 2010a, 2010b).
*When Nile grass rats were exposed to running wheels, there was
elevated PER2 expression in DGwhen animals are running on the
wheels (Ramanathan et al., 2010b)
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mice, it was revealed that expression of core clock genes
was in-phase in the SCN, but ~12 hr out of phase in other
brain or peripheral tissues, consistent with the findings
from other diurnal species discussed above.

An intriguing question that needs to be answered is
how the SCN coordinates the oppositely phased extra-SCN
oscillators in each chronotype (Smale et al., 2008). It is well
accepted that the SCN utilizes two types of output signals:
humoral ones that are sufficient for driving activity rhythms
(Silver, Lehman, Gibson, Gladstone, & Bittman, 1990;
Silver, LeSauter, Tresco, & Lehman, 1996) and precise neu-
ronal projections that are required to generate rhythms in
neuroendocrine systems (de la Iglesia, Meyer, & Schwartz,
2003; Meyer-Bernstein et al., 1999; Nunez & Stephan, 1977;
Swann & Turek, 1985). At least two potential humoral sig-
nals that regulate behavioral rhythms have been identified so
far, namely PK2 and TGF-alpha (Cheng et al., 2002; Kramer
et al.,, 2001), and these have both been examined in diur-
nal species. The expression of PK2 has been examined in
Nile grass rats and macaque monkeys (Burton et al., 2016;
Lambert et al., 2005). In both species, the daily pattern of
PK2 mRNA production in the SCN is similar to that found
in nocturnal species, with the peak occurring at midday. The
expression of TGF-alpha in the SCN has also been compared
between nocturnal and diurnal rodents (mice and Sudanese
grass rats), which revealed a similar phase when animals
were kept in constant darkness (Tournier, Dardente, Vuillez,
Pevet, & Challet, 2007). These results collectively suggest
that those potential output signals from the SCN do not
directly determine a species’ temporal pattern of behavioral
rhythms. Although the pursuit of humoral signals from the
SCN has provided little insight into the circadian control of
diurnality, studies of the neuronal signals from the SCN have
shed light on potential mechanisms underlying the switch
from a nocturnal to a diurnal pattern.

One of the best studied neuronal output pathways is the
one through which the SCN regulates the daily rhythms of
adrenal glucocorticoids via the neuropeptide arginine vaso-
pressin (AVP) (Kalsbeek, Buijs, van Heerikhuize, Arts, &
van der Woude, 1992; Kalsbeek, van Heerikhuize, Wortel,

Diurnal Nile grass rat
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& Buijs, 1996). Although the circadian expression of AVP
mRNA within the SCN is in phase between diurnal and
nocturnal rodents (Mahoney et al., 2009), the glucocorti-
coid rhythm is phase-reversed, with a peak occurring before
lights-off in nocturnal species and before lights-on in diurnal
ones (Cross & Rogers, 2004; Torres-Farfan et al., 2008;
Weitzman et al., 1971). Focusing on this endocrine system,
Kalsbeek et al. (2008)have shown that infusing AVP into
the paraventricular nucleus (PVN) promotes the release of
adrenal glucocorticoids in the diurnal Sudanese grass rats,
but the same treatment inhibits the glucocorticoids release
in nocturnal laboratory rats. These findings have led to the
hypothesis that a species difference in the local circuit of the
PVN involving either glutamatergic or GABAergic neurons
contributes to the reversal of daily rhythms in glucocorticoid
secretion (Kalsbeek et al., 2008). A similar species difference
in local circuitry could be responsible for the phase reversal
between diurnal and nocturnal species in metabolic rthythms
controlled by the autonomic nervous system (Kalsbeek
et al., 2006). Our recent work comparing the distribution of
GABAergic neurons of diurnal Nile grass rats and nocturnal
laboratory rats provides evidence supporting a more general
version of this hypothesis (Langel, Ikeno, Yan, Nunez, &
Smale, 2018). Specifically, we found in the lateral habenula,
a cluster of GABAeric neurons was present in diurnal Nile
grass rats, but completely absent in nocturnal laboratory rats
(Figure 3). The lateral habenula has been implicated in reg-
ulation of circadian rhythms. Lesioning of its major efferent
fiber bundle leads to an altered temporal organization of
activity in animals kept in constant conditions (Paul, Indic,
& Schwartz, 2011) and reduces the quantity of REM sleep
(Haun, Eckenrode, & Murray, 1992; Valjakka et al., 1998).
The distinct distribution of GABAergic and glutamatergic
neurons in local circuits within the habenula may contribute
to the switch from a diurnal to a nocturnal pattern in extra-
SCN brain regions.

Signals from the SCN have a far-reaching impact on
neuronal circuits within the brain, but they also influence
oscillators throughout the body. One way that they do this is
through their effects on the endocrine system, for example,

Nocturnal laboratory rat

FIGURE 3 A cluster of GABAergic
neurons presents in the lateral habenula
(LHD) of diurnal Nile grass rats (left panel),
but absent in the same region of nocturnal

Gadb65

laboratory rats (right panel). MHb, medial

habenula. Scale bar, 200 pm

MHb
LHb
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the adrenal gland, which releases its hormones in a rhythmic
pattern with the rise occurring just prior to the active period
of the day. This release of glucocorticoids can then set the
phase of extra-SCN clocks throughout the body; the adrenal
gland thus functions as something of a secondary node in the
output system (Balsalobre et al., 2000; Le Minh, Damiola,
Tronche, Schutz, & Schibler, 2001; Leliavski, Dumbell, Ott,
& Oster, 2015). Glucocorticoid rhythms are 180° out of phase
in diurnal and nocturnal species and could thus contribute to
diurnality in an important way, that is, by setting the phase
of rhythms in an array of peripheral tissues and extra-SCN
oscillators. Feeding and general activity patterns also play
an important role in entraining rhythms of extra-SCN oscil-
lators that are very different in diurnal and nocturnal spe-
cies, as diurnal animals eat and are physically active mostly
during the day and nocturnal ones eat and are active at night
(Mendoza, Clesse, Pevet, & Challet, 2010; Schroder & Esser,
2013). Depending on the timing of meals, restricted feeding
schedules not only induce anticipatory activity during the
rest phase of the species, but also shift the phase of extra-
SCN oscillators in the brain and peripheral tissues (Angeles-
Castellanos, Mendoza, & Escobar, 2007; Verwey & Amir,
2009). Meanwhile, exercise or physical activity at different
time of day has also been shown to entrain circadian rhythms
at least in skeletal muscles (Schroder & Esser, 2013). Thus,
in addition to possible direct control of extra-SCN oscillators,
the SCN exerts indirect influences on the circadian phases
of other oscillators by controlling the patterns of daily feed-
ing and physical activity differentially in diurnal and noctur-
nal species (Otalora, Hagenauer, Rol, Madrid, & Lee, 2013;
Ramanathan et al., 2010a).

In summary, the circadian system of diurnal mammals,
which evolved from that of their nocturnal ancestors, is sim-
ilar in many ways to that of their nocturnal counterpart. The
anatomical loci of the master clock and the molecular machin-
ery underlying circadian timekeeping within central and pe-
ripheral oscillators are all well conserved. However, various
other mechanisms, as discussed above, changed to promote a
diurnal activity pattern, under the daily 24 hr LD cycle.

S | PHOTIC ENTRAINMENT OF
DAILY RHYTHMS

The endogenously generated circadian rhythms are synchro-
nized to local geographical time, that is, the daily 24 hr LD
cycle, through the process of photic entrainment. There are
two conceptual models of photic entrainment: namely non-
parametric and parametric, which are associated with the
effects of discrete light pulses or continuous light exposure
respectively (Daan, 1977).

Following discrete light pulses, animals show phase-
dependent changes in their circadian rhythms. In both diurnal

and nocturnal rodents, light pulses in early night produce
phase delays while light pulses in late night lead to phase ad-
vances of rhythms (Caldelas et al., 2003; Daan & Pittendrigh,
1976; Kas & Edgar, 2000; Kramm, 1975; Lahmam et al.,
2008; Lee & Labyak, 1997; Mahoney, Bult, & Smale, 2001;
Pohl, Mares, & Fischer, 1982; Schwartz & Zimmerman,
1990). However, the behavioral responses of the two chro-
notypes differ when the light pulses are presented during the
subjective day, with the nocturnal species showing a “dead
zone” during which no phase shifts occur in response to light
pulses, whereas diurnal ones are responsive during most, or
all, of that interval. The evolution of these differences may
be related to when the animals are actually exposed to light
in nature. For nocturnal species that are underground or in
caves during their inactive (light) phase of the day, the brief
light pulses at early or late subjective night would be the only
light they see. When the endogenous free-running period is
shorter than 24 hr, then the light at dusk, the beginning of the
active period, would elicit delays, whereas if the endogenous
period is longer than 24 hr light at dawn would hit the system
when advances are elicited; both would entrain the rhythm
to the daily LD cycle. Diurnal species on the other hand, are
exposed to light continuously if they live above ground, or
to discrete light pulses throughout the day if they are under-
ground (Hut, van Oort, & Daan, 1999). Thus, light exposure
during daytime would be more critical for entraining their
circadian rhythms, and the responsiveness of diurnal species
to light during the day or subjective day is more functionally
relevant compared to that in nocturnal species.

The responses of the circadian system to light pulses
have also been analyzed directly in the SCN by measuring
electrical activity and clock gene expression. In contrast to
nocturnal rats in which the majority of SCN neurons show
increased firing rate following nighttime light exposure, in
diurnal ground squirrels and degus most SCN neurons are
suppressed by light (Jiao, Lee, & Rusak, 1999; Meijer, Groos,
& Rusak, 1986; Meijer, Rusak, & Harrington, 1989). These
studies also provided some evidence that the response thresh-
old of these cells to light of different intensities may be lower
in the rats than in the diurnal rodents. On the other hand,
light-induced expression of clock genes appeared to be very
similar in diurnal and nocturnal rodents (Caldelas et al., 2003;
Miyake et al., 2000; Novak, Ehlen, Paul, Fukuhara, & Albers,
2006; Ramanathan et al., 2009; Shigeyoshi et al., 1997; Yan,
Takekida, Shigeyoshi, & Okamura, 1999). In both chrono-
types, signficant induction of clock genes, that is, per/ and
per2, was observed following light pulses presented during
the subjective night. As discussed above, behavioral rhythms
of diurnal species have no, or very short, “dead zones” during
the subjective day compared to nocturnal ones. Thus, stud-
ies investigating how their SCN neurons respond to light in
the subjective day will help provide a more complete picture
of photic entrainment in diurnal mammals (Caldelas et al.,



YAN ET AL.

2003). Furthermore, the SCN neurons are heterogenous in
terms of their anatomical connections, neurochemical identi-
ties and photic responsiveness (Yan et al., 2007). A detailed
analysis of the spatiotemporal responses of different neuronal
populations in the SCN during the process of photic entrain-
ment will also help us understand how light resets the prin-
cipal brain clock and if it does this in the same manner in
nocturnal and diurnal species (Ramanathan et al., 2009; Yan,
2009; Yan & Okamura, 2002; Yan & Silver, 2002, 2004).

The non-parametric paradigm has been a powerful tool
for dissecting the cellular and molecular pathways involved
in photic entrainment. However, in their natural environment,
animals, particularly day-active ones, are often exposed to a
daily extended period of light instead of only discrete pulses
(Hut et al., 1999). Entrainment to the daily LD cycle is gen-
erally thought to be mediated by both nonparametric effects
of light at dawn or dusk and tonic, parametric, effects that
the more continuous light has throughout the day, a notion
that is based primarily on findings from nocturnal species
(Daan, 1977; Daan & Pittendrigh, 1976). Parametric effects
are evident when there is no LD cycle and animals are free-
running but the light intensities are increased or decreased.
Aschoff reported that under these conditions an increase in
light intensity increased the period of the rhythms of noctur-
nal species and decreased it in diurnal ones (Aschoff, 1960).
However, this “Aschoff’s rule” has not held up over time,
particularly for diurnal mammals (Moore-Ede, Sulzman, &
Fuller, 1982). In Nile grass rats, for example, increases in
light intensity lead to increases in the free-running period
(Katona & Smale, 1997).

Parametric effects of light are also apparent when ani-
mals are entrained to a 24 hr cycle but the duration of the
light phase is changed, that is, under different photoperiods
(day-lengths). When this happens a difference between the
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chronotypes becomes apparent. Nocturnal species show ex-
pansion of the active phase in short days and compression of
the active phase in long day-lengths (Nuesslein-Hildesheim,
O’Brien, Ebling, Maywood, & Hastings, 2000; Refinetti,
2004a; Sumova, Bendova, Sladek, Kovacikova, & Illnerova,
2004; VanderLeest et al., 2007). Diurnal species on the other
hand, in general show the opposite responses, that is, their
active phase expands in long days and is compressed in short
days (Challet et al., 2002; Lahmam et al., 2008; Lincoln et al.,
2002; Sulzman, Fuller, & Moore-Ede, 1982). Interestingly,
in diurnal grass rats, although their active phase is extended
when day-length is increased from 12 to 16 hr (16:8 LD), the
duration of the active phase does not change when day-length
is shortened from 12 to 8 hr (8:16 LD) in both Nile grass
rats (Leach, Ramanathan, Langel, & Yan, 2013; Refinetti,
2004a) and Sudanese grass rats (Itzhacki, Clesse, Goumon,
Van Someren, & Mendoza, 2018; Figure 4). The stability of
entrainment, measured by the precision of activity onset and
offset times, is also affected by daylength, with more stable
entrainment seen in long days than in short days (Leach et al.,
2013).

Within the SCN, rhythms in expression of clock genes
also respond to photoperiodic changes, showing expansion
or compression in the duration of the peak phase, through
phase dispersion or concentration of cellular oscillators
along the rostral-caudal axis of the SCN in nocturnal rodents
(Inagaki, Honma, Ono, Tanahashi, & Honma, 2007; Yan &
Silver, 2008). In Nile grass rats, consistent with the behav-
ioral response, the phase of peak PERI expression in the
SCN expanded when the animals were switched from 12:12
to 16:8 LD, but did not compress when changed from 12:12
to 8:16 LD condition (Leach et al., 2013). The diurnal grass
rats are originally from areas near the equator (Nile grass
rats, 3°S; Sudanese grass rats, 20°N), thus their circadian
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clock probably has not been shaped by a history of exposure
to drastic photoperiodic changes with daylength fluctuating
from 8 to 16 hr across seasons, which occurs at ~50° from
the equator. However, the Nile grass rats entrain well under a
16:8 LD cycle but not to a 8:16 LD cycle, suggesting that their
circadian clock is better able to adapt to long days than short
days (Leach et al., 2013). This selective non-responsiveness
of their circadian system to short days makes these animals
a unique and important model for study of conditions related
to problems associated with adaptation to fall or winter con-
ditions, such as seasonal affective disorder (Itzhacki et al.,
2018; Leach et al., 2013).

Photic entrainment is a critical process in both diurnal and
nocturnal species that allows the endogenously generated
circadian rhythms to be synchronized to the daily LD cycle.
Another important process that regulates the temporal pro-
file of daily rhythms in behavior and physiology is through
the circadian-independent direct effects of light, namely
masking.

6 | MASKING IN DIURNAL
MAMMALS

Masking plays an important role in the regulation of the tem-
poral niche in which a species is most active. In sharp con-
trast with the similarities shown across species for the effects
of light on the entrainment of circadian rhythms (see above),
masking of behavior by light has opposite effects. Light in-
creases activity and promotes arousal in diurnal species while
reduces activity and induces sleep in nocturnal ones (Redlin,
2001). These clear opposite effects of light on behavior raise
the question of mechanisms, that is, what are the underlying
causes for the species differences?

6.1 | Differential sensitivity to wavelength
between diurnal and nocturnal species?

In addition to reducing activity and inducing sleep, light ex-
posure triggers an arousal response in nocturnal mice that is
accompanied by an increase in plasma corticosterone (Ishida
et al., 2005). Further, Pilorz et al. (2016) have shown that the
two responses are melanopsin dependent, but can be dissoci-
ated by manipulating the wavelength of the light stimulus;
blue light exposure is associated with increased plasma corti-
costerone and green light is associated with the induction of
sleep. Functional studies also suggest that the two responses
are mediated by different neural circuits (Pilorz et al., 2016).
Based on these observations, Bourgin and Hubbard have pro-
posed the hypothesis that the differential responses to poly-
chromatic light shown by nocturnal and diurnal species stem
from differential sensitivity to the effects of particular wave-
lengths, such that more sensitivity to green light in nocturnal

species and more sensitivity to blue light in diurnal species
(Bourgin & Hubbard, 2016). This interesting proposition
deserves further consideration, and should be directly tested
by comparing behavioral responses of diurnal and nocturnal
species to light of different wavelengths. However, in diurnal
species polychromatic light exposure results in a sustained
increase in activity and arousal, thus it seems unlikely that
correlates with a stress response (e. g., corticosterone secre-
tion) would be present during light-induced alertness in a
species adapted to be active during the day; in fact, bright
light exposure reduces cortisol level in humans (Jung et al.,
2010). The acute stress response to an abrupt presentation of
light is likely a common immediate and short-term response
of both diurnal and nocturnal species, particularly small ro-
dents. The sustained alertness of diurnal species in response
to light is probably independent of mechanisms that mediate
stress responses to abrupt changes in illumination, and are
likely to involve neural circuits that play different roles in
diurnal and nocturnal species. Results discussed in what fol-
lows indicate that light has very different effects on several
brain regions of diurnal and nocturnal rodents.

6.2 | Differential cFOS responses to light by
diurnal and nocturnal brains

Although several manipulations of light exposure have
been used to compare diurnal and nocturnal species (Rotics,
Dayan, Levy, & Kronfeld-Schor, 2011; Shuboni et al., 2012),
one useful approach for comparative studies of masking has
been to focus on methods of presenting the masking stimuli
using parameters that consistently produce opposite behavio-
ral responses in diurnal and nocturnal rodents (Shuboni et al.,
2012) and then assess species differences in cFOS responses
in regions of the brain that receive inputs from the intrin-
sic photosensitive retinal ganglion cells (ipRGCs) (Shuboni
et al., 2015). That strategy revealed clear opposite effects of
a 1-hr pulse of light presented 2 hr after the onset of darkness
between mice and Nile grass rats, such that the same light
stimulation increased general activity in Nile grass rats and
reduced it in mice for the duration of the presentation while
the animals were on a 12/12 hr LD cycle (Shuboni et al.,
2012). The induction of cFOS expression was also very dif-
ferent for the two species in extra-SCN areas of the brain that
receive projections from ipRGCs in both mice (Hattar et al.,
2003, 2006) and Nile grass rats (Langel, Smale, Esquiva, &
Hannibal, 2015). Specifically, for the lateral hypothalamus
(LH), the intergeniculate leaflet (IGL), the ventral subpara-
ventricular zone (VSPZ) and the olivary pretectal nucleus
(OPT) a 1-hr pulse of light delivered 2 hr after the onset of
darkness significantly increased cFOS expression in Nile
grass rats, with either no change (LH, VSPZ, IGL) or the
opposite response (OPT) in mice (Shuboni et al., 2015). The
results for the LH may reflect the differential responses to
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light shown by the orexin neurons that reside there, which
are activated by light in diurnal Nile grass rats (Adidharma,
Leach, & Yan, 2012), but not in nocturnal mice (Mendoza
et al., 2010). In contrast, dark pulses, which represent arousal
cues for nocturnal species, activate the orexin neurons of
mice (Marston et al., 2008). Overall, these results are consist-
ent with the view that functional differences in regions of the
brain that receive inputs from ipRGCs mediate the divergent
masking responses to light of diurnal and nocturnal species.

6.3 | What brain regions mediate masking
responses to light in diurnal species?

The results of experiments identifying areas of the brain that
show patterns of cFOS expression that match species dif-
ferences in behavior has guided lesion studies focusing on
the IGL, VSPZ and OPT of Nile grass rats (Figure 5; Gall,
Shuboni, Yan, Nunez, & Smale, 2016; Gall, Smale, Yan, &
Nunez, 2013; Gall et al., 2017). In these animals, IGL lesions
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reverse the phase preference of the species; post-surgically
the animals were nocturnal in their display of general activ-
ity (Gall et al., 2013). This phase reversal persisted when
the animals were placed in constant darkness, during which
high levels of activity were present for most of the subjective
night. With respect to masking, the IGL lesions profoundly
affected the responses of Nile grass rats to 1-hr pulses of light
(presented 2 hr after lights off) or darkness (presented during
the first hour of the light phase). The light pulse resulted in a
five-fold increase in activity in the control animals, but sig-
nificantly reduced activity in the animals with IGL lesions. In
contrast, the dark pulse did not affect the level of activity of
the control animals, but significantly increase that of the Nile
grass rats with IGL lesions. Thus, after IGL lesions, the pro-
file of the naturally diurnal Nile grass rats was transformed
to one that resembles that of nocturnal species (Gall et al.,
2013). In the Octodon degus, another diurnal species, IGL
lesions also increased the presence of nocturnal activity, al-
though masking responses were not directly evaluated in that
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study (Goel, Governale, Jechura, & Lee, 2000). In nocturnal
rodents, IGL lesions affect some circadian parameters but
do not reverse the chronotype of the animals (Harrington &
Rusak, 1988; Pickard, 1994), and masking responses to light
typical of nocturnal species are either unaffected or enhanced
by the lesions (Edelstein & Amir, 1999; Redlin, Vrang, &
Mrosovsky, 1999). Thus, in the absence of the IGL, rodents
display nocturnal features regardless of the predominant
chronotype of the species.

Intergeniculate leaflet lesion also abolished the cFOS re-
sponse in the VSPZ and reversed the direction of the effect
of light on cFOS expression in the OPT, following a 1-hr
light pulse delivered 2 hr into the dark phase of a 12/12
hr LD cycle (Gall, Yan, Smale, & Nunez, 2014). The OPT
has reciprocal connections with the IGL (Moore, Weis, &
Moga, 2000) and receives retinal inputs from ipRGCs in
both nocturnal rodents (Hattar et al., 2006) and diurnal Nile
grass rats (Langel et al., 2015). In Nile grass rats, lesions of
the OPT also had a profound effect on masking responses
(Gall et al., 2017). Like grass rats with IGL lesions, those
with OPT damage showed responses to light and dark pulses
that resembled those of nocturnal rodents. This resulted in
enhanced nocturnal activity under a LD cycle, but different
from the results with IGL lesions, the distribution of ac-
tivity during the subjective night returned to normal when
the animals were observed under constant darkness. Thus,
both an intact OPT and IGL are needed for Nile grass rats
to show their species typical masking responses, but only
the IGL is necessary for the circadian regulation of diur-
nal behavior in these animals. OPT lesions also abolished
the cFOS response in the ventrolateral geniculate nucleus
(VGL) to light pulses (Gall et al., 2017). The projections
from ipRGCs to the VGL are reduced in Nile grass rats
(Langel et al., 2015) compared to those of nocturnal rodents
(Hattar et al., 2006). Thus in Nile grass rats, connections
with the OPT may be necessary for light to affect the VLG,
and the reduced light responsiveness of the VLG of Nile
grass rats may play a role in mediating the effects of OPT
lesions on masking responses in this species.

Different from the salient effects of OPT and IGL le-
sions on the masking responses of Nile grass rats, lesions
of the VSPZ with or without damage to the SCN, had no
effects on the masking responses of these animals (Gall
et al., 2016). The lesions however disrupted circadian ac-
tivity rhythms and the circadian modulation of the magni-
tude of masking responses when light pulses are presented
at different circadian times (Gall et al., 2016). The data
from animals with SCN damage challenges the claim that
an intact SCN is necessary for masking responses to light
(Li, Gilbert, & Davis, 2005), and are consistent with ob-
servations of intact masking responses in the absence of
a functional SCN (Fuller et al., 1981; Mistlberger, 1992;
Redlin & Mrosovsky, 1999).

Thus, from the lesion studies with Nile grass rats, the
working model that emerges identifies the OPT as necessary
for the display of masking responses to light typical of diur-
nal species, possibly via connections with the VLG and IGL
(Gall et al., 2017). The IGL in turn is not only necessary for
normal diurnal masking responses, but is also involved in the
circadian regulation of activity (Gall et al., 2013). Finally,
the SCN and VSPZ are not necessary for masking responses
to light, but are involved in both the circadian regulation of
activity and the circadian modulation of masking responses
in Nile grass rats. It is important to test the generality of this
working model using other diurnal mammals (Figure 5).

7 | TEMPORAL PHENOTYPE AS A
BIOLOGICAL VARIABLE

In summary, the temporal niche in which a species is most ac-
tive is shaped by its evolutionary history, and influenced by
the interplay between the circadian system and the direct re-
sponses to light, that is, masking. Although at the behavioral
level, diurnal mammals are 180° out of phase from nocturnal
ones, their brains are not simply operating in reverse of those
of their nocturnal counterparts. There are striking anatomical
differences between diurnal and nocturnal brains, including
those associated with sensory adaptions, for example, the large
superior colliculi of Nile grass rats (Gaillard et al., 2013), as
well as others that may be involved in circadian and photic
regulation for example, GABAergic neurons in the habenula
(Figure 3), and the differential distribution of receptors for
the wakefulness promoting neuropeptide orexin (Ikeno &
Yan, 2018). Particularly with respect to circadian regulation,
although most of the extra-SCN oscillators in the brain and
in peripheral tissues show a phase reversal between diurnal
and nocturnal species, that reversal is not universal (Figure 2).
Finally, diurnal and nocturnal mammals show different be-
havioral responses to identical light and dark stimuli (Shuboni
et al., 2012), which are matched by the distinct brain responses
to the same stimuli in retinorecipient regions (Shuboni et al.,
2015). These regions include the OPT, IGL and VGL that reg-
ulate masking responses (Gall et al., 2013, 2016).

Clearly, the normal function of diurnal brains and how they
respond to perturbation involving altered light conditions can-
not be fully understood based solely on studies of nocturnal
models. In the biomedical field, much effort has been made
to consider sex as a biological variable (Clayton, 2018). We
would like to suggest that, in addition to sex differences, tem-
poral phenotype differences, such that whether the animals are
diurnal or nocturnal, present another biological variable with
key implications for the translational value of research with
animal models. It is important to consider how diurnal and
nocturnal model species are similar and different, and how the
data generated from those models should be interpreted for
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gaining insights into the circadian and photic modulation of
daily rhythms that are unique for diurnal mammals including
humans. Such knowledge will contribute to a better under-
standing of the neural mechanisms underlying human health
problems caused by altered light conditions that are associated
with shift work and modern life style in a 24-hr society.
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