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Circadian regulation has a profound adaptive meaning in timing the best performance
of biological functions in a cyclic niche. However, in cave-dwelling animals (troglo-
bitic), a lack of photic cyclic environment may represent a disadvantage for persis-
tence of circadian rhythms. There are different populations of cave-dwelling fish
Astyanax mexicanus in caves of the Sierra El Abra, Mexico, with different evolutive
history. In the present work, we report that fish collected from El Sótano la Tinaja
show circadian rhythms of swimming activity in laboratory conditions. Rhythms
observed in some of the organisms entrain to either continuous light–dark cycles or
discrete skeleton photoperiods tested. Our results indicate that circadian rhythm of
swimming activity and their ability to entrain in discrete and continuous photoperiods
persist in some organisms that might represent one of the oldest populations of cave-
dwelling A. mexicanus in the Sierra El Abra.

Keywords: Astyanax mexicanus; circadian rhythm; photic entrainment; cave-dwelling;
fish; La Tinaja; Sierra el Abra

Introduction

Circadian rhythms of behaviour and other biological functions exist in a wide variety of
living organisms, from prokaryote to mammals; it is a common trait that has arisen
independently in all known Phyla as a result of a natural selection of the daily changes
in our planet. Circadian regulation has a profound adaptive significance in timing the
best performance of biological functions in a cyclic niche. The adaptive significance of
a circadian clock depends on the possibility to entrain to environmental cyclic cues
(zeitgeber) and anticipate cyclic events. Constant conditions are required to observe per-
sistence of circadian rhythms. However, it is possible that natural constant environments
represent a selective pressure where some phenotypic features suffer regressive evolu-
tion, and then natural selection may negatively affect the circadian organization. There-
fore, cave-dwelling organisms are considered as an opportunity to test it (Cavallari et al.
2011; Mena-Barreto & Trajano 2014).

Circadian locomotor activity has been detected in laboratory conditions in diverse
species of cave-dwelling animals such as fish (Pati 2001; Trajano et al. 2005, 2012;
Cavallari et al. 2011; Beale et al. 2013), crustaceans (O-Martínez et al. 2004), crickets
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(Hoenen 2005), millipedes (Koilraj et al. 2000), spiders (Hoenen & Gnaspini 1999;
Soriano-Morales et al. 2013), beetles (Pasquali & Sbordoni 2014), salamanders (Hervant
& Mathieu 2000), frogs (Espino Del Castillo et al. 2009) and bats (Joshi &
Vanlalnghaka 2005; Vanlalnghaka et al. 2005) indicating that the mechanisms underly-
ing circadian rhythms in these species are still functional in a diverse range of
expression from nearly arrhythmic to a well-defined cyclic activity. Such diversity in
expressions seems to be related with the animal’s niche if they are troglophile,
trogloxene (both may be part of their life cycle in surface conditions) or troglobitic (all
their biological cycles occur in caves).

In deepest regions of caves, poor fluctuant environmental conditions may exist; how-
ever, signals able to entrain endogenously generated circadian rhythms may be caused
by behaviour such as migration of troglophile and or trogloxene species (Poulson &
White 1969; Lamprecht & Weber 1992; Mena-Barreto & Trajano 2014).

Cave-dwelling animals represent unique models for studying the evolutionary change
of structures such as eyes and pigmentation and also physiological functions such as circa-
dian photoreception. The Neotropical blind fish Astyanax mexicanus [De Filippi 1853;
junior synonym Anoptichthys antrobius = Astyanax jordani] (Reiss et al. 2003) is of par-
ticular interest, because it is widely distributed in Mexican karst area in Sierra El Abra,
North Eastern Mexico (Reddel 1964; Gross 2012). Diverse blind pigmentedless popula-
tions of fish have been reported (Cabej 2012). Evidence from molecular data suggests that
the 29 currently characterized cave populations were originated from two or three major
waves of colonization during the past 2–8 million years (Gross 2012; Strecker et al. 2013).
Each of these populations seems to be isolated in a particular cave, which also gives the
opportunity of reviewing bottleneck selection of traits in a particular population. Circadian
locomotor activity has been the subject of study in other populations of some caves in the
El Abra System (Erkens & Martin 1982a, 1982b; Thines & Weyers 1978). Recent studies
confirm that circadian activity at molecular clockwork still can be detected in specimens
collected at the Chica and Pachon caves (Beale et al. 2013), but some fish collected in
these locations also show attenuated and arrhythmic metabolism (Moran et al. 2014).
When cyclic motor activity persists, it is consistent with the expression of clock genes
monitored in the fins of fish from La Chica cave (Beale et al. 2013). Nonetheless, it is per-
haps the fish population phylogenetically most recent in comparison with Sabinos, Tinaja
and Pachon caves (Gross 2012; Strecker et al. 2013), and then it is possible that differences
in circadian locomotor activity and photic entraining between organisms that belong to dif-
ferent caves may show different strengths. In this study, we explore whether the circadian
locomotor activity rhythm and its ability to entrain to light cycles persist in A. mexicanus
collected from the population of fish located in El Sótano de La Tinaja cave in San Luis
Potosí, México. We also explored whether skeleton photoperiod (SP) can entrain a possi-
ble rhythmicity detected in swimming behaviour in order to reduce the effects of masking
produced by light. The results indicate that noisy circadian rhythms in free running are
detected, but also photic entraining in continuous and skeleton photoperiods, indicating
fully functional circadian photic entrainment in some organisms studied.

Methods

Animals

Eight fish were collected from the El Sotano de la Tinaja Cave using regular hand nets.
Fish were kept for transportation in independent bags, half-filled with water of their
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original niche. Organisms were stored in a thermic isolated box inside a second
recipient with iced water in order to reduce drastic temperature changes. Once in the
laboratory, fish were kept in aquaria (10 × 10 × 30 cm) with dechlorinated water inside
an environmentally controlled chamber at the Facultad de Ciencias, UNAM, as indicated
elsewhere (Soriano-Morales et al. 2013). Fish were fed with regular leaflets once a
week. Aquaria were filled with water previously bubbled with an air pump. Cleaning
was performed once a week in dim red light, replacing half of the water at the bottom
with a regular siphon.

At the end of the experiments (some fish died before finishing), samples were
deposited in the collection of the bio-speleology group at the Facultad de Ciencias,
UNAM.

Activity recordings

Locomotor activity was recorded using an infrared light beam detector, coupled to an
acquisition data board in a PC. Data were collected by means of the software ACTIBIO
(Facultad de Psicología, URIDES, UNAM) as indicated elsewhere (Soriano-Morales
et al. 2013).

Protocols

After arrival, when in constant darkness, dim red light (1 lx) was used for visually help
in maintenance. First, fish were maintained in constant darkness at least 10 days, then
light photoperiod (LD) 12:12 (250 lx) or SP 11D:1L was provided by a fluorescent
lamp during 10 more days. Then, constant conditions were held in constant darkness.

Data analysis

Summatory of data once every 10 min was stored and then analysed in Chronos-Fit
software (Zuther et al. 2009) in double plotted actograms and power spectrum analysis.
All calculated periods with a level of p < 0.05 were considered significant. Free running
period in constant dim red light was contrasted with the complete or discrete
entrainment.

Results

All of the animals tested in initial DD (n = 8) displayed significant free running circa-
dian rhythms of swimming activity during at least seven days of continuous recording.
Individual values of significant periods detected with its power value are plotted in
Figure 1; each individual is indicated with a particular symbol, first in DD and then in
either conditions LD or SP. Among the circadian periodicities, multiple random ultra-
dian periods of activity were also detected. When exposed to LD (n = 4), a clear
increase in the power value of circadian periods was observed in two organisms (indi-
cated with signs − and +); but no increasing in power was observed when fish were
exposed to SP (n = 4). In Figure 2(B), the changes in circadian period for each organ-
ism tested are shown. Individuals are labelled as A1–A8. Fish studied in SP showed a
shift in the circadian period (A1–A4) to a period close to 24 h, no post entrainment was
possible to test in these animals. In the group exposed to LD, a change in the period
close to 24 h was noted in fish A5 and A8; the other two fish changed the period but
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did not reach 24 h. Fish in LD were healthy enough in order to explore few days in DD
in a postentrainment free running. A particular example is shown in actogram of
Figure 2 (fish A5) plotted in binary format as shown in Chronos-Fit program.

The LD cycles indicate nocturnal activity that has phase control in a secondary DD
protocol (day 22 in actogram). Correspondent periodograms are shown in the right side
of the figure. It is clear a change in period and increase on the power values when LD
conditions are present, and a well-defined cycle in the average profile (±SEM) were
noted. In Figure 3, an example of the effect on locomotor activity rhythm of the SP
11:1. In this particular example, the main activity seems to be adjusted to the second
pulse after few transients. The average waveform shows also for this condition a
negative masking of the light pulse.

Discussion

Diverse species of cave-dwelling (troglobitic) fish worldwide have been isolated
from natural daylight for millions of years, showing a set of striking convergent
“troglomorphic” phenotypes such as eye loss, depigmentation, enhancement of environ-
mental sensory system and low metabolic rates. Despite several millions of years in a
non-photic environment (Gross 2012), do cavefish still retain clocks? If they do so, why
they still retain their ability to light entrain in a non-photic environment? The Sierra de
El Abra has diverse caves where Astyanax populations can be found in diverse grades
of polymorphism regarding eye reduction, metabolic rate and circadian locomotor

Figure 1. (A) significant periods detected by means of power spectrum analysis. Each symbol
corresponds to an independent organism exposed first to DD and then complete (LD) or SP. (B)
Changes in the circadian period value for each organism before, during and after LD (left panel)
or SP (right panel).
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Figure 2. Circadian rhythm of locomotor activity in A. mexicanus. Constant darkness (DD) and
complete photoperiod (LD) are indicated in the actogram. An average waveform during LD is
shown below with the correspondent LD cycle. Periodogram analysis is shown for each condition
at the right panels.

Figure 3. An example of the circadian rhythm of swimming activity in Astyanax is shown in
DD and its response to skeleton photoperiod. The average waveforms in the right panel (SE is
shown as grey lines along the curve) of the last days during SP show also a negative masking of
the light pulse on the swimming activity.
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activity, indicating that organisms in each cave have been genetically isolated by
allopatric or parapatric speciation mechanisms. This is a quite interesting opportunity
regarding the persistence of circadian rhythms in a non-photo cyclic environment. In the
present work, we confirm that the fish found in El Sotano Tinaja cave, a group consid-
ered among the oldest populations of Astyanax in the karst of the Sierra El Abra
(Erkens & Martin 1982a, 1982b; Beale et al. 2013; Strecker et al. 2013), also retain its
ability to show light entrainable circadian rhythms of locomotor activity. In the present
study, the circadian rhythmicity was detected through the use of the software
Chronos-Fit (Zuther et al. 2009); the actograms plotted consider a binary representation
regarding data above the average. This visual representation makes easier to see the
rhythm free running along several days and its response to photoperiod, either complete
or discrete. Previous reports that indicate the absence of circadian rhythms in cave
organisms may be related with the way in which activity was studied or as a failure to
detect them (Hoenen & Marques 1998). It has been recently indicated that aerobic meta-
bolism is reduced and arrhythmic in continuous darkness in Astyanax collected at
Pachon (Moran et al. 2014), the oldest population of the cave system in Sierra El Abra
(Gross 2012). In the present report, we show that circadian activity persists during
10 days before being exposed to light cycles in fish collected in La Tinaja, and some of
them were able to show phase control with the previous LD when released in DD
(Figure 1) indicating a true entrainment. Compared with other reports, we noted noctur-
nal activity rather than diurnal, and when SP was tested, main activity was organized
near the second pulse that could be considered as the “evening.” It has been noted that
diurnal or nocturnal patterns of activity in fish may depend on a diversity of factors
(Reebs 2002) even in Astyanax (Erkens & Martin 1982b). We also noted that activity is
reduced in constant darkness in comparison with the behaviour observed in LD. In DD,
activity is low amplitude but persistent compared with the spontaneous activity observed
on a surface specimen (data non shown) also in agreement with the observed in other
studies regarding sleep regulation in Astyanax as an adaptation to increase the effective
time searching for food (Duboué et al. 2012). This last study indicates that behaviour in
organisms collected in La Tinaja could be explained as an endogenous behavioural
adaptation to an environment with extreme low food resources, in order to stay in
quasi-permanent alert at any time but with potential induction of cycles when changing
environmental conditions.

Cave-dwelling adult Astyanax in La Tinaja is characterized by anophthalmy,
complete loss of the lens as well as partial loss and reduction of the retina due to
programmed cell death (for review, see Protas & Jeffery 2012). Movement in the reti-
nal pigment epithelium in the reminiscent retina of Astyanax from Chica cave has
been reported (Espinasa & Jeffery 2006), indicating that reminiscent retinae still pre-
sents clock functions. Photoentrainment in A. mexicanus may not require of functional
retinae as an input pathway but a functional photosensitivity in pineal gland may also
still exist: so far, no studies on pineal photosensitivity have been reported in blind
fish, therefore such question remains unanswered. The present work is complement to
previous works on circadian studies and expression of circadian rhythms in other
populations of A. mexicanus in the Sierra El Abra caves. The entrainment response of
SP is tested for first time as well as a free running after entrainment in LD. Also, we
show that such responses vary between individuals indicating that the possible fading
of the circadian clock may occur differentially among organisms of the same
population.
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