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LIGHTANDTEMPERATURECYCLESASZEITGEBERSOFZEBRAFISH

(DANIO RERIO) CIRCADIAN ACTIVITY RHYTHMS

José F. López-Olmeda, Juan A. Madrid, and Francisco J. Sánchez-Vázquez

Department of Physiology, Faculty of Biology, University of Murcia, Murcia, Spain

Light and temperature cycles are the most important synchronizers of biological
rhythms in nature. However, the relative importance of each, especially when they
are not in phase, has been poorly studied. The aim of this study was to analyze the
entrainment of daily locomotor activity to light and/or temperature cycles in zebrafish.
Under two constant temperatures (208C and 268C) and 12:12 light-dark (LD) cycles,
zebrafish were most active during the day (light) time and showed higher total activity
at the warmer temperature, while diurnalism was higher at 208C than at 268C (87%
and 77%, respectively). Under thermocycles (12:12 LD, 26:208C thermophase:chryo-
phase or TC), zebrafish daily activity synchronized to the light phase, both when the
thermophase and light phase were in phase (LD/TC) or in antiphase (LD/CT).
Under constant dim light (3 lux), nearly all zebrafish synchronized to thermocycles
(t ¼ 24h), although activity rhythms (60% to 67% of activity occurred during the
thermophase) were not as marked as those observed under the LD cycle. Under con-
stant dim light of 3 lux and constant temperature (22.58C), 4 of 6 groups of zebrafish
previously entrained to thermocycles displayed free-running rhythms (t ¼ 22.9 to
23.6 h). These results indicate that temperature cycles alone can also entrain zebrafish
locomotor activity.

Keywords Zebrafish, LD cycle, Thermocycle, Conflicting zeitgeber, Locomotor activity,
Circadian rhythm, Entrainment

INTRODUCTION

In the natural environment, daily light and temperature cycles are the
most important synchronizers of circadian rhythms. The light phase
coincides with the thermophase (the phase of higher temperature) and
the dark phase with the chryophase (lower temperature); thus, transitions
from cold to warm temperature are roughly associated with dawn, and
transitions from warm to cold temperature with dusk (Johnson et al.,
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2004). Although light cycles have been studied in depth and are regarded
as the major synchronizer of biological rhythms, temperature cycles are
also known to be strong entraining cues of circadian clocks that can syn-
chronize circadian rhythms in most organisms, from cyanobacteria to
higher vertebrates (Rensing and Ruoff, 2002). Indeed, temperature may
sometimes be a stronger synchronizer than light, as observed, for
example, in Neurospora sporulation rhythms (Liu et al., 1998) or in lizard
activity (Evans, 1966). Furthermore, moderately high temperature
pulses can elicit phase-response curves (PRC) that are similar to those gen-
erated by light pulses (Barrett and Takahashi, 1995; Ruby et al., 1999). In
addition, seasonal variations in temperature also influence a wide variety
of biological rhythms, including reproduction and maturation (Davies
and Bromage, 2002; Shimizu, 2003). On the other hand, a functional pre-
requisite of the circadian pacemaker is that the period lengths are temp-
erature-compensated and remain constant over a wide range of constant
temperatures (Pittendrigh, 1954), with a Q10 value for tau (t) around 1.

In vertebrates, mammals (endothermic), and reptiles (ectothermic)
have been the main subjects of research on the influence of temperature
change on circadian rhythmicity. Thermocycle effects were first investi-
gated in regard to lizard locomotor activity (Evans, 1966). Recent research
has focused on temperature effects on melatonin circadian rhythms, both
in vitro (Barrett and Takahashi, 1995; Moyer et al., 1997; Valenciano et al.,
1997; Zachmann et al., 1991) and in vivo (Firth et al., 1999; Garcı́a-Allegue
et al., 2001; Masuda et al., 2003; Wright and Bruni, 2004). In fish, the
temperature influence on melatonin production in vitro (Bolliet et al.,
1994; Samejima et al., 2000; Zachmann et al., 1991) and the seasonal
rhythms of melatonin (Garcı́a-Allegue et al., 2001; Iigo and Aida, 1995;
Masuda et al., 2003) were the main targets of previous studies while only
few studies have examined temperature and behavioral rhythms
(Aranda et al., 1999; Hurd et al., 1998; Reebs, 2002). Therefore, we
aimed in our research to contribute to the understanding of the relative
role played by light- and thermocycles in the entrainment of fish locomotor
activity rhythms.

The zebrafish is currently one of the most attractive animal models in
genetic and developmental studies. In addition, this fish constitutes a
useful tool for chronobiological studies on themolecular bases of vertebrate
circadian clocks, in which behavioral and melatonin rhythms are being
used to identify and characterize clock mutants (Cahill, 2002). Moreover,
themolecular clock of the zebrafish has characteristics that show similarities
to both the Drosophila and mammalian systems (Pando and Sassone-Corsi,
2002). Circadian rhythms of melatonin and locomotor activity in zebrafish
have been analyzed both in larvae and in adult fish (Cahill, 1996; Cahill
et al., 1998; Hurd and Cahill, 2002; Hurd et al., 1998; Kazimi and
Cahill, 1999). Hurd and colleagues (1998) showed that temperature
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changes affect the rhythmicity under constant dark (DD) or constant light
(LL) conditions. Furthermore, water temperature also influences the
development of per3 rhythmic expression in zebrafish larvae in DD
conditions (Kaneko and Cahill, 2005). Recently, the effect of temperature
cycles on the entrainment of the zebrafish circadian clock has been
investigated, showing that temperature changes influence transcriptional
rhythms, as well as phosphorylation and function of clock protein (Lahiri
et al., 2005). However, the entraining effects of thermocycles on zebrafish
overt rhythms (such as locomotor activity) have yet to be explored.

Therefore, the aim of this study was to evaluate the influence of
light and temperature cycles, as well as the strength of each when provided
in antiphase, on the daily pattern of locomotor activity of zebrafish. In
addition, we studied the ability of thermocycles alone to entrain locomotor
activity under constant light conditions.

MATERIALS AND METHODS

Animals and Housing

Zebrafish (Danio rerio L.) were obtained from a local provider
(Jumipez S.A., Murcia, Spain) and reared in the facilities of the University
of Murcia. Fish were an average length of 37+ 2mm (mean+ SD) and
were kept in a well aerated 100L tank equipped with biological and mech-
anical filters. The aquarium was divided into 6 sections (each 17 cm wide)
using white plastic plates with 2mm holes. Ten zebrafish were placed in
each section. Light was provided by a fluorescent bulb (F15W/GRO,
Sylvania Gro-Lux, Germany), placed 15 cm from the water surface, where
light intensity was 700 lux. Thermocycles were set by means of two heaters
(100W, Askoll) and a cooler (Cubigel, E-500). Fish were fed with a standard
diet (Wardley Premium) at random times, both during day and at night.

Experimental Procedure

The experiments were conducted according to the ethical standards of
the Journal (Touitou et al., 2004) and designed to investigate the influence
and strength of temperature cycles as a synchronizer of the daily activity
rhythms of zebrafish. The thermophase consisted of a 12h period of
268C, while the chryophase was maintained for 12h at 208C.

Experiment 1. Effect of Different Constant Temperatures (26 8C vs.
20 8C) and LD Cycles

The aim of this experiment was to evaluate the effect of constant
high/low water temperature on locomotor activity rhythms of zebrafish.
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The temperature was maintained at 26+ 0.58C and the photoperiod
was 12:12 LD, with lights on at 8:00 h. The locomotor activity was
registered for 4 wks. Then the temperature was changed to 20+ 0.58C,
and locomotor activity was registered for another 4 wks.

Experiment 2. Entrainment of Activity Rhythms to LD
and Thermocycles

This experiment was designed to test the influence of light and
temperature cycles on the activity rhythm of zebrafish, and the strength
of each zeitgeber when given in reversed order. At the end of Experiment
1, the temperature changes occurred in phase with the LD cycle, the
thermophase (268C) coinciding with the light phase, and the chryophase
(208C) with the dark phase. This thermocycle was maintained for 2wks.
At the end of that period, the thermocycle was reversed by extending
the thermophase, so that this phase coincided with the dark phase and
the chryophase coincided with the light phase. This reversed light and
temperature schedule was maintained for another 2wks.

Experiment 3. Entrainment to Thermocycles Under Constant Light (LL)

This experiment was designed to evaluate the capacity of thermocycles
to entrain the activity rhythms of zebrafish when LD was lacking. The ther-
mocycle was maintained as in Experiment 2, but the light was constant,
with a low intensity of 3 lux, adjusted by covering the fluorescent tubes
with aluminium foil and punching holes in it until the desired light inten-
sity was attained. Zebrafish were kept under these conditions for 2wks,
during which locomotor activity was registered. Then, the thermocycle
was reversed by extending the thermophase, and activity was registered
for another 2wks. After this period, temperature was kept constant at
22.5+ 0.58C, and locomotor activity was analyzed to evaluate the exist-
ence of free-running rhythms previously entrained by the thermocycle.

Data Analysis

Locomotor activity was measured by means of an infrared photocell
(Omron, mod E3S-AD62, Japan) placed at the aquarium wall. Data from
two photocells, one placed 5 cm from the bottom and the other placed
25 cm from the bottom and 5 cm from the surface, were pooled and used
for each group of animals. The number of light-beam interruptions was
counted and stored every 10min by a computer. Total locomotor activity
during the day was calculated and analyzed for differences between each
experimental period.
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Water temperature was registered continuously by means of a temp-
erature sensor (iButton DS1921H-F50, IDC S.A., Barcelona, Spain).
When thermocycles were performed, temperature shifts from high to
low temperature and vice versa lasted between 1 and 3h.

Statistical analysis was performed using Excelw and SPSSw software.
Percentage values of activity were transformed to arcsine for statistical
analysis. The analysis and representation of locomotor activity records
were performed using the chronobiology software El Temps (Version 1,
192;# Prof. Dı́ez-Noguera, University of Barcelona).

RESULTS

Experiment 1. Effect of Different Constant Temperatures and

LD Cycles

At constant temperature, zebrafish showed a predominantly diurnal
behavior under the 12:12 LD cycle, with most of their activity being
displayed during the L phase (Figure 1). When the constant temperature
was changed from 268C to 208C, total activity counts during the day
decreased to about 30% of the activity at 268C (14200+ 2300 vs.

FIGURE 1 Actograms of locomotor activity of 3 representative groups (A, B, and C) of zebrafish
maintained under constant temperature (26 and 208C) and a 12:12 LD cycle. The bars above each
actogram represent the light regime;

Q1

open and black bars represent the light and dark phase of the
cycle, respectively. For convenient visualization, the data were double plotted (48h) at a resolution
of 10min, the height of each point representing the number of interruptions of the infrared lightbeam.
Fish were first kept at constant 268C, and thereafter the temperature was changed to constant 208C.
Temperature change is indicated by the arrow at the left of the actogram.
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4900+ 1300 counts/day, respectively; paired t-test, p , 0.005) (Figure 2).
The decrease of total daily activity differed widely between groups,
from groups that reduced their daily activity by a substantial degree
(Figure 1A) to groups where the decrease could hardly be detected in
the actogram (Figure 1C).

Diurnalismwas defined bymore than 65% locomotor activity occurring
during the daytime (Sánchez-Vázquez et al., 1996). Following this criterion,
all groups of fish showed diurnal activity both at constant high (268C) and
constant low (208C) temperature (Figure 1). Nocturnal activity varied
between groups, with some groups showing basal activity during the
night time (Figure 1A), while other groups concentrated their daily activity
strictly to the L phase (Figure 1, B–C). When the water temperature was
changed from 268C to 208C, nocturnal activity decreased (Figure 1A).
The mean percentage of activity during the daytime (Figure 2) was signifi-
cantly different between the two constant temperatures studied, with a
more pronounced rhythmicity at 208C than at 268C (86.9+ 2.1% vs.
77.2+ 1.4% of daytime activity, respectively; paired t-test, p , 0.005).

Experiment 2. Effect of LD and Thermocycles

Zebrafish held under a thermocycle in phase with the LD cycle (ther-
mophase coinciding with light phase: LD/TC) showed most of their
activity during the L phase (Figure 3). When the thermocycle was inverted
(thermophase coinciding with the D phase: LD/CT), the activity rhythm
remained entrained to L in 5 of the 6 groups, only 1 group lost its
daily rhythmicity. In some groups, the locomotor activity profile after

FIGURE 2 Total daily activity (open bars) and the amplitude of the rhythm (striped bars) of zebrafish
under constant 268C and 208C. Data are represented as mean+ SEM. Total daily activity was about
three-fold higher at 268C than at 208C. Relative locomotor activity during the light phase was higher
at 208C. Asterisks indicate statistically significant differences between groups (paired t-test, p , 0.005).
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thermophase inversion changed and became more irregular and crepus-
cular than in the LD/TCphase (Figure 3A), although activity still coincided
predominantly with the L phase (Figure 3B).

Total daily activity, measured as total number of interruptions of
the infrared lightbeam, did not differ significantly (6400+ 1900 vs.
5400+ 1600 counts/d, respectively; paired t-test, p ¼ 0.53). When the
photocycle and thermocycle were in phase, activity levels were closer to
those observed under constant low temperature (208C), as shown in
Figure 2, although the average water temperature during the day was
higher (238C).

The amplitude of the rhythm was almost equal when comparing light
and thermocycles in phase and antiphase (82.8+ 5.5% vs. 78.1+ 5.1%,
respectively; paired t-test, p ¼ 0.12), although activity profiles seemed
to be less robust when both environmental cycles were in antiphase
(Figure 3).

FIGURE 3 Actograms of locomotor activity of two representative groups (A and B) of zebrafish main-
tained under a 12:12 LD cycle and a thermocycle of 268C during the thermophase (T) and 208C during
the chryophase (C). The bars above each actogram

Q1

represent the light regime; Q2open bars and black bars
represent the light and dark phases of the cycle, respectively. The curves above the actograms rep-
resent the temperature cycle. For other details, see Figure 1. At the beginning, the thermophase
coincided with the light phase. After 15d, the thermocycle was inversed and the thermophase
coincided with the dark phase. The change in the position of the thermocycle is indicated by the arrows
to the left of the actograms.
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Experiment 3. Entrainment to Thermocycles Under LL

When animals were held under constant dim light (3 lux), five of the
six groups of zebrafish entrained to the daily thermocycle (T ¼ 24h),
with 2 groups showing higher activity during the thermophase
(Figure 4A), while 3 groups synchronized, surprisingly, to the chryophase
(Figure 4B). The mean percentage of activity of these groups during
the active phase (thermo- or chryophase) was 66.6+ 2.5%. When the

FIGURE 4 Actograms of locomotor activity

Q1

of two zebrafish groups maintained under constant dim
light (3 lux) and a 268C and 208C thermocycle. Under these conditions, zebrafish entrained either
to the thermophase (A) or chryophase (B). The curves above the actograms represent the temperature
cycle. For other details, see Figure 1. After 15d, the thermocycle was reversed (arrow to the left of the
actogram). After another 15d the temperature was kept constant at 22.5+ 0.58C. Chi-square period-
ogram analysis (confidence level, 95%) of the 3 parts of this experiment have been represented to the
right of each actogram. The brackets indicate the interval of days taken for analysis. The period of each
phase (mins) is indicated at the top of each periodogram.

(continued)
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thermocycle was reversed, all groups (6 of 6) entrained their activity
rhythms to the thermocycle, and the number of groups synchronizing
their activity to the thermophase increased (4 of 6) (Table 1). Moreover,
group 3, which was previously entrained to the chryophase, entrained
to the thermophase. In addition, group 1 lost its rhythmicity during
the first period of Experiment 3, but finally entrained to the thermophase.

The activity rhythms obtained from these data were not as clear as
those obtained with the light cycle, and locomotor activity, although
synchronized by the temperature rhythm (periodogram analysis,
t ¼ 24h), was more disperse, as can be observed in the actograms of
Figure 4.

When the thermocycle was eliminated, and the zebrafish were kept at a
constant temperature of 22.58C, 4 of 6 groups showed significant free-
running rhythms (Table 1), with an average period (t) of 23.3+ 0.2h.

FIGURE 4 Continued.

Q1
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DISCUSSION

In the present study, zebrafish entrained their circadian rhythms to
both light and thermocycles, displaying most of their activity during the
daytime regardless of the phase of the temperature cycles. In constant
dim light, most zebrafish entrained to the 24h thermocycles, showing
increased activity during the thermophase, although some entrained to
the chryophase instead. Under dim LL and constant temperature, zebra-
fish displayed free-running rhythms with an average t of 23.3 h. These
observations provide first insights into the influence of daily light- and
temperature-related changes on locomotor activity rhythms, and revealing
the ability of thermocycles to entrain circadian activity rhythms in fish.

The ability of temperature cycles to act as a zeitgeber for the vertebrate
circadian clock has been studiedmainly inmammals and reptiles (reviewed
in Rensing and Ruoff, 2002). Temperature changes can directly affect the
clock mechanism by accelerating or slowing component processes in cells
(Dunlap, 1999; Rensing and Ruoff, 2002). Among ectotherms, reptiles
have been the main subjects of research that examined the influence of
temperature on circadian rhythmicity. In recent years, these studies on
the effects of thermocycles have focused on rhythmic melatonin pro-
duction, both in vitro (Barrett and Takahashi, 1995; Moyer et al., 1997;
Valenciano et al., 1997; Zachmann et al., 1991) and in vivo (Firth et al.,
1999; Garcı́a-Allegue et al., 2001; Masuda et al., 2003; Wright and
Bruni, 2004), and more recently on the molecular clock, itself (Lahiri
et al., 2005; Liu et al., 1998; Sidote et al., 1998).

Zebrafish showed a marked diurnal activity. Fish entrained to the LD
cycle displayed more than 75% of their daily activity during the light
time (Figures 1 and 2). This finding is in agreement with those of previous
studies by Hurd and colleagues, (1998), in which a strong confinement of
zebrafish activity to the light phase was observed. This diurnal pattern
appears already in the early stages of larval zebrafish (Cahill et al.,

TABLE 1 Periods of Locomotor Activity Rhythms of the 6 Zebrafish Groups in Experiment 3

Group

Temperature cycle 1 2 3 4 5 6

TC (26:208C) n.s. 24T 24C 24C 24.1T 24C
CT (20:268C) 24T 23.9T 24T 24C 24.1T 24C
Constant (22.58C) n.s. 22.9 23.6 23.6 23.25 n.s.

Each column corresponds to a single group. TC: thermocycle of 26:208C; CT: inversion of the pre-
vious thermocycle (20 and 268C); Constant: constant temperature of 22.58C. Periods were calculated
using the chi-square periodogram (software, El Temps) with a confidence level of 95% indicated by
hours. The letter next to the period indicates the phase to which zebrafish synchronized (showing a
percentage of activity of 65% or higher); thermophase (T) or chryophase (C). n.s. ¼ not significant.
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1998). Moreover, locomotor activity rhythms in larvae are even more
robust than those observed in adults. In the present experiments, constant
water temperature influenced the total daily activity of zebrafish; activity at
268Cwas about three fold higher than activity at 208C (Figure 2). Thus, the
amplitude of the locomotor activity rhythm showed a direct response to
water temperature, as has been observed in other rhythms in fish, such
as melatonin production (Garcı́a-Allegue et al., 2001; Iigo and Aida,
1995; Masuda et al., 2003; Samejima et al., 2000), under a range of
temperatures similar to those used in this experiment. In contrast light,
the percentage of diurnal activity was higher at 208C. This has been
observed also in previous reports (Hurd et al., 1998), which showed that
circadian rhythms of zebrafish under constant lighting and temperature
conditions are strongest and best defined around 218C, although
most experiments with zebrafish have been performed at a higher water
temperature of 268C to 288C.

An early study by Evans (1966) showed that lizard activity patterns,
when light and thermo-cycles were out of phase, entrained to the thermo-
cycle in the species Uta stansburiana, while Coleonyx variegates did not show a
significant rhythm. Sea bass is a marine fish that shows nocturnal feeding
rhythms during winter and diurnal feeding during summer. In a previous
study, sea bass feeding activity entrained strictly to the lighting conditions
when the photoperiod simulated was similar to that of summer (16L:8D),
and water temperature was similar to that of winter (Aranda et al., 1999).
In the present study, zebrafish showed a marked diurnal activity when the
photophase and the thermophase were in phase (Figure 3). When the two
environmental cycles were in antiphase (conflicting zeitgeber), the fish pre-
dominantly entrained to the light phase regardless of the phase of the ther-
mocycle (Figure 3). The percentage of diurnal activity was similar in both
cases, and the number of groups entraining to light was only slightly
higher when light and thermocycles were in phase (6 vs. 5 of 6). Thus,
light of the applied intensity (lux) is a stronger synchronizer than is a
temperature change of 68C. The relative importance of temperature as a
zeitgeber in ectotherms, as was first stated by Hoffmann (1969), seems to
depend on species-specific and intraspecific (season, age, and develop-
ment) variables, since in the studies carried out in the meantime, a
variety of responses to light and temperature (when given as conflicting
zeitgeber) have been observed. Interestingly, in the two fish species inves-
tigated, sea bass (Aranda et al., 1999) and zebrafish (Figure 3), light (700
lux) was a stronger synchronizer than was the temperature change of 68C.

In the absence of an LD cycle, under constant dim light of 3 lux, zebra-
fish entrained their circadian activity patterns to thermocycles (Figure 4).
However, the rhythms were not as prominent as those obtained with LD
cycles and constant temperature (Figure 1), as the percentage of activity
in the light phase in Experiment 1 (77% to 87%) was significantly higher
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than that observed during the active phase of the thermocycle (65% to
70%) ( p , 0.001, t-test) when thermocycles were the only time cue.
These results show that temperature can act as a synchronizer in zebrafish
to entrain its circadian activity rhythms, although it is a weaker synchroni-
zer than light at the given amplitudes of the zeitgeber cycles. Similar con-
clusions have been obtained by other authors: although thermocycles, in
the absence of light cycles, can entrain circadian rhythms in several
species, these rhythms are usually less marked than those obtained with
light cycles (Barrett and Takahashi, 1995; Firth et al., 1999; Moyer et al.,
1997; Wright and Bruni, 2004; Yoshi et al., 2002; Zachmann et al., 1991).

It should be noted that 3 groups maintained the previous phase of the
rhythm when constant dim light was given (Experiment 3), while 2 groups
resynchronized their circadian rhythm of activity to the thermophase
(groups 2 and 5). This finding may indicate that the previous light
entrainment has initially “phase locked” the activity rhythms and then
the thermocycle resynchronized the rhythms afterward. In the second
part of the experiment, 2 additional groups locked to the thermophase,
one of them (group 3) shifting from the chryophase to the thermophase
(Table 1). In a recent study by Lahiri and coworkers (2005), thermocycles
were observed to effectively entrain clock gene expression in the absence of
light information. Furthermore, the daily profiles of gene expression were
similar to those observed under an LD cycle, with the thermophase
expression levels being similar to that of the light phase, and expression
levels during the chryophase similar to that in the dark phase.

In constant conditions, zebrafish showed significant free-running
rhythms, which indicates that circadian locomotor activity was entrained
to the thermocycles and was not a result of masking (Table 1). The free-
running of temperature-entrained rhythms showed an average t of
23.3 h, similar to the free-running period (shorter than 24h) observed in
zebrafish under LL conditions (Hurd et al., 1998).
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J. F. López-Olmeda, J. A. Madrid, and F. J. Sánchez-Vázquez12



Barrett, R.K., Takahashi, J.S. (1995). Temperature compensation and temperature entrainment of the
chick pineal cell circadian clock. J. Neurosci. 15:5681–5692.

Bolliet, V., Bégay, V., Ravault, J.P., Ali, M.A., Collin, J.P., Falcón, J. (1994). Multiple circadian
oscillators in the photosensitive pike pineal gland: A study using organ and cell culture.
J. Pineal Res. 16:77–84.

Cahill, G.M. (1996). Circadian regulation of melatonin production in cultured zebrafish pineal and
retina. Brain Res. 708:177–181.

Cahill, G.M. (2002). Clock mechanisms in zebrafish. Cell Tissue Res. 309:27–34.
Cahill, G.M., Hurd, M.W., Batchelor, M.M. (1998). Circadian rhythmicity in the locomotor activity of

larval zebrafish. Neuroreport 9:3445–3449.
Davies, B., Bromage, N. (2002). The effects of fluctuating seasonal and constant water temperatures on

the photoperiodic advancement of reproduction in female rainbow trout, Oncorhynchus mykiss.
Aquaculture 205:183–200.

Dunlap, J.C. (1999). Molecular bases for circadian clocks. Cell 96:271–290.
Evans, K.J. (1966). Responses of the locomotor activity rhythms of lizards to simultaneous light and

temperature cycles. Comp. Biochem. Physiol. 19:91–103.
Firth, B.T., Belan, I., Kennaway, D.J., Moyer, R.W. (1999). Thermocyclic entrainment of lizard blood

plasma melatonin rhythms in constant and cyclic photic environments. Am. J. Physiol. Reg. Integr.
Comp. Physiol. 277:R1620–R1626.

Garcı́a-Allegue, R., Madrid, J.A., Sánchez-Vázquez, F.J. (2001). Melatonin rhythms in European sea
bass plasma and eye: Influence of seasonal photoperiod and water temperature. J. Pineal Res.
31:68–75.

Hoffmann, K. (1969). Die relative Wirksamkeit von Zeitgebern. Oecologia 3:184–206.
Hurd, M.W., Cahill, G.M. (2002). Entraining signals initiate behavioural circadian rhythmicity in larval

zebrafish. J. Biol. Rhythm 17:307–314.
Hurd, M.W., Debruyne, J., Straume, M., Cahill, G.M. (1998). Circadian rhythms of locomotor activity

in zebrafish. Physiol. Behav. 65:465–472.
Iigo, M., Aida, K. (1995). Effects of season, temperature and photoperiod on plasma melatonin

rhythms in the goldfish, Carassius auratus. J. Pineal Res. 18:62–68.
Johnson, C.H., Elliott, J., Foster, R., Honma, K., Kronauer, R. (2004). Fundamental properties of

circadian rhythms. In: Dunlap, J.C., Loros, J.J., DeCoursey, P.J., eds. Chronobiology. Biological
Timekeeping. Sunderland, MA: Sinauer Associates, pp. 67–105.

Kaneko, M., Cahill, G.M. (2005). Light-dependent development of circadian gene expression in
transgenic zebrafish. PLoS Biol. 3:313–323.

Kazimi, N., Cahill, G.M. (1999). Development of a circadian melatonin rhythm in embryonic zebrafish.
Dev. Brain Res. 117:47–52.

Lahiri, K., Vallone, D., Gondi, S.B., Santoriello, C., Dickmeis, T., Foulkes, N.S. (2005). Temperature
regulates transcription in the zebrafish circadian clock. PloS Biol. 3:e351.

Liu, Y., Merrow, M., Loros, J.J., Dunlap, J.C. (1998). How temperature changes reset a circadian
oscillator. Science 281:825–829.

Masuda, T., Iigo, M., Mizusawa, K., Naruse, M., Oishi, T., Aida, K., Tabata, M. (2003). Variations
in plasma melatonin levels of the rainbow trout (Oncorhynchus mykiss) under various light and
temperature conditions. Zool. Sci. 20:1011–1016.

Moyer, R.W., Firth, B.T., Kennaway, D.J. (1997). Effect of variable temperatures, darkness and light
on the secretion of melatonin by pineal explants in the gecko, Christinus marmoratus. Brain Res.
747:230–235.

Pando, M.P., Sassone-Corsi, P. (2002). Unraveling the mechanisms of the vertebrate circadian clock:
zebrafish may light the way. BioEssays 24:419–426.

Reebs, S.G. (2002). Plasticity of diel and circadian activity rhythms in fishes. Rev. Fish Biol. Fisher. 12:
349–371.

Rensing, L., Ruoff, P. (2002). Temperature effect on entrainment, phase shifting, and amplitude of
circadian clocks and its molecular bases. Chronobiol. Int. 19:807–864.

Ruby, N.F., Burns, D.E., Heller, H.C. (1999). Circadian rhythms in the suprachiasmatic nucleus are
temperature-compensated and phase-shifted by heat pulses in vitro. J. Neurosci. 19:8630–8636.

Samejima, M., Shavali, S., Tamotsu, S., Uchida, K., Morita, Y., Fukuda, A. (2000). Light- and tempera-
ture-dependence of the melatonin secretion rhythm in the pineal organ of the lamprey, Lampetra
japonica. Jpn. J. Physiol. 50:437–442.

LCBI165081 LCBI_023_003 Techset Composition Ltd, Salisbury, U.K. 4/13/2006

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

Light vs. Thermocycles and Zebrafish Activity 13



Sánchez-Vázquez, F.J., Madrid, J.A., Zamora, S., Iigo, M., Tabata, M. (1996). Demand feeding and
locomotor circadian rhythms in the goldfish, Carassius auratus: dual and independent phasing.
Physiol. Behav. 60:665–674.

Shimizu, A. (2003). Effect of photoperiod and temperature on gonadal activity and plasma steroid
levels in a reared strain of the mummichog (Fundulus heteroclitus) during different phases of its
annual reproductive cycle. Gen. Comp. Endocrinol. 131:310–324.

Sidote, D., Majercak, J., Parikh, V., Edery, I. (1998). Differential effects of light and heat on the
Drosophila circadian clock proteins PER and TIM. Mol. Cel. Biol. 18:2004–2013.

Touitou, Y., Portaluppi, F., Smolensky, M.H., Rensing, L. (2004). Ethical principles and standards for
the conduct of human and animal biological rhythm research. Chronobiol. Int. 21:161–170.
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