Transgenic Res (2017) 26:739-752
DOI 10.1007/s11248-017-0039-9

@ CrossMark

ORIGINAL PAPER
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Abstract In the present work it was demonstrated
that transgenic Danio rerio overexpressing growth
hormone (GH-transgenic) present either altered gene
expression at a determined time point, or different
expression pattern along the LD cycle, when com-
pared with non-transgenic (NT) animals, in the
positive and negative loops of the circadian system.
Gene expression of clock paralogs was reduced in GH
fish at the beginning of the dark phase, leading to
diminished expression amplitude along the LD cycle.
Furthermore, although no differences were observed
between NT and GH animals for bmalla and cry2b
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expression at each time point, only GH fish presented
amplitude along the LD cycle. Also, the locomotor
activity behavior was evaluated for both groups. GH-
transgenic animals presented higher locomotor activ-
ity along the whole LD cycle when compared with NT
animals. These data suggest that alterations in the gene
expression patterns along the LD cycle of the positive
and negative loops of the circadian system, could lead
to altered locomotor activity behavior in GH-trans-
genic fish, and GH overexpression could be respon-
sible for these alterations, either affecting the
pathways involved in the expression of genes from
the circadian system or altering the metabolism.

Keywords Zebrafish - Growth-hormone -
Locomotor activity - Gene expression - Circadian
system

Introduction

The physiological functioning and behavior of living
organisms are driven by environmental cues, mainly
the shifting between light and dark (LD) cycles, which
allow them to anticipate changes in daylight, temper-
ature and food availability conditions occurring with
marked periodicity (Aschoff 1976; Moore-Ede et al.
1976, 1982). Such capability relies on evolutionary
events which culminated on the development of an
internal, self-sustaining clock, with periodicity near
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24 h, which orchestrates their rhythms, according to
their geographical localization (De Coursey 2004;
Dunlap et al. 2004). This clock is composed by
molecular oscillators formed by transcriptional acti-
vators and inhibitors of the clock itself and other
genes, forming positive and negative loops, respec-
tively (Dunlap et al. 2004).

Many studies involving locomotor activity rhythms
of animals kept under constant conditions have been
developed aiming to understand the physiological
organization of different circadian systems in a wide
range of species (Pittendrigh and Daan 1976; Lépez-
Olmeda et al. 2012). As in many other organisms, fish
present behavioral and physiological rhythms (Lopez-
Olmeda et al. 2012; Oliveira et al. 2013) occurring
within a determined time interval which, under con-
stant laboratory conditions, have periodicity near 24 h.
When organisms are in their natural environment,
these rthythms are entrained by specific cues, named
Zeitgebers (Aschoff 1960). The main factor capable to
synchronize the circadian rhythms in animals is light,
which is mediated by photoreceptive organs able to
respond to daily variations (Bell-Pedersen et al. 2005).

Regarding fish species, many other environmental
factors, besides light (Lopez-Olmeda et al. 2006, 2012;
Hurd et al. 1998), can entrain and/or modulate the
circadian system of these animals, such as temperature
(Lopez-Olmeda et al. 2006; Lopez-Olmeda and
Sanchez-Vazquez 2009) and feeding (Blanco-Vives
and Sanchez-Vazquez 2009; Lopez-Olmeda et al.
2012; Sanchez et al. 2009; Sanchez and Sanchez-
Vazquez 2009). The age (Zhdanova et al. 2008) and
light intensity (Li and Dowling 1998) have also been
implicated to influence some aspects of behavioral
rhythms in fish. Concerning the experimental model
zebrafish, the main Zeitgeber, capable to entrain the
circadian system is light, which strongly influences the
locomotor activity behavior (Hurd et al. 1998; Li and
Dowling 1998; Blanco-Vives and Sanchez-Vazquez
2009). Environmental light information reaches the
pineal gland and drives the rhythmic secretion of
melatonin through a machinery of circadian oscillator
(Cahill 2002). However, the role of pineal gland as the
central circadian pacemaker has been questioned in
non-mammalian vertebrates because these groups of
animals appear to have a decentralized circadian clock,
once the presence of photoreceptive mechanisms have
been observed in peripheral organs and tissues,
exhibiting robust patterns of circadian expression of
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genes known to be activators and repressors of the
circadian system (Whitmore et al. 1995; Pando et al.
2001; Amaral and Johnston 2012).

Important advances have been achieved using the
experimental model zebrafish (Danio rerio). This
animal presents diverse clock paralog genes of the
circadian system (Kobayashi et al. 2000), probably
due to an evolutionary event leading to genome
duplication (Postlethwait et al. 1998). Different par-
alog genes of the positive loop have been identified in
the species allowing different combinations of the
resulting proteins, with different efficiency of tran-
scription activation, which are inhibited by CRY
proteins isoforms (Hirayama et al. 2003; Ishikawa
et al. 2002; Wang 2008, 2009). Besides, differently
from what is observed in mammals (Shearman et al.
1999), clock and bmal paralog genes present a similar
expression pattern (Cermakian et al. 2000). Regarding
the negative loop, six cry genes paralogs have been
identified and the resulting proteins, in general, act as
transcriptional repressors of clock and bmal (Kobaya-
shi et al. 2000). Some studies have also shown that
cryla expression is directly driven by light and,
therefore, this gene expression could be an important
mechanism underlying light entrainment to the circa-
dian system (Amaral and Johnston 2012; Kobayashi
et al. 2000; Tamai et al. 2007). The transcriptional
situation is similar in per paralogs. Three out of four
paralogs are clock-regulated and per 2 is light-
inducible (Wang 2008). Together, per2 and cryla
appear to have a key role on the light entrainment to
the clock machinery and seems to present an important
involvement at embryonic stages (Hirayama et al.
2003; Tamai et al. 2007; Ziv et al. 2005). Additionally,
robust rhythmic expression of core-clock genes was
recently shown in skeletal muscle of zebrafish,
including the light-driven cryla and per2 (Amaral
and Johnston 2012).

Some studies have shown the influence of the
circadian clock mechanism on hormones release
pattern, such as melatonin (Bégay et al. 1998; Cahill
and Besharse 1995; Cahill 1996; Gamse et al. 2002),
cortisol (Kulczykowska and Sanchez-Vazquez 2010;
Montoya et al. 2010) and growth hormone (Canosa
and Peter 2005; Gomez et al. 1996; Singh et al. 2009)
of fish along the LD cycle. Also, the rthythm observed
in peripheral organs could also be adjusted by
endogenous factors such cortisol (Dickmeis et al.
2007). Besides, transgenic zebrafish models have been
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used in the last decade aiming to understand the
structures and molecular mechanisms underlying the
circadian clock system, principally when entrained by
light (Dickmeis et al. 2007; Gothilf et al. 2002;
Kaneko and Cahill 2005; Kaneko et al. 2006; Kojima
et al. 2008; Vatine et al. 2009).

Interestingly, a couple of studies explored the link
between the circadian system and the somatotropic
axis, when the expression of insulin like growth-factor
binding protein paralogues (IGFBPs) was analyzed in
response to feeding/fasting condition (Amaral and
Johnston 2011) and along the circadian cycle (Amaral
and Johnston 2012). Once the involvement of some
IGFBPs in the growth axis is known and circadian
expression of genes coding for these proteins was
already observed in these last mentioned studies, the
use a zebrafish GH-transgenic model could be helpful
to understand if and how these two mechanisms are
related. For that goal, a transgenic line of zebrafish
(FO104), developed by Figueiredo et al. (2007a, b),
was used in the present study. These animals have
been widely employed by our research group (Fig-
ueiredo et al. 2007a, b; Rosa et al. 2008, 2010, 2011;
Studzinski et al. 2009) and, along almost a decade,
different locomotor activity behavior along the LD
cycle has been noticed during the maintenance of GH-
transgenic fish. No evidence has been shown, until the
present moment, regarding the effects of GH overex-
pression on the circadian system of fish. Therefore, the
aim of the present work was to verify the effects GH
overexpression on the locomotor activity behavior, as
well as on core-clock genes expression in the skeletal
muscle of zebrafish (Danio rerio), along one LD-
cycle.

Materials and methods
Transgenic fish

The fish used in the present study were provided by the
transgenic fish vivarium from Universidade Federal do
Rio Grande (FURG—RS, Brazil) and were cultured in
a system with water recirculation, according to
Westerfield (1995), kept at room temperature of
28 °C, with a 12 h light: 12 h dark (12:12 LD)
photoperiod (lights on at 08:00 h; lights off at 20:00 h;
ZTO0 = 08:00; lighting provided by fluorescent lamps
with luminance measured above the aquaria of

approximately 1000 1x) and fed with high-protein
(47.5%) commercial flake food (Color Bits—Tetra
Gmbh—Germany) using 5% of body weight/day,
twice a day at any time during the light phase until
satiety. Transgenic and non-transgenic (NT) zebrafish
were all from the same brood and were identified by
GFP co-expression in transgenic animals. Males and
females with age of 9-10 months were used in the
procedures.

All experiments were conducted in compliance
with the Ethics Committee of Animal Use (Comité de
Etica em Uso Animal—CEUA—process number:
23116.005683/2013-12) from Universidade Federal
do Rio Grande—FURG, RS, Brazil.

Locomotor activity assays
Recording apparatus and conditions

Twelve hours before starting the recording of loco-
motor activity, the animals were transferred from the
colony to the recording room. The groups submitted to
these assays were not placed in the recording room
always at the same period. Some groups were
transferred to the recording room during the dark
period and some during the light period, assuring that
behavior pattern would be the same for all animals in
each group, and discharging behavioral differences
caused by stress after changing the environment. The
room temperature was fixed at 28 °C with photoperiod
12L.:12D (Lights on at 08:00 = ZTO0). Four white light
bulbs, directed one to each wall of the room, aiming to
avoid shadows in the arenas, were used as light source.
[luminance during the light period measured right
above the water inside the arenas was approximately
460 1x. Animals were individually placed into opaque
plastic arenas with diameter of 14 cm. The arenas
were riddled, to allow water flow, and placed into a
bath under constant aeration and temperature of
26-28 °C with water from the colony system up to
4 cm height, intending to avoid dislocation of animals
in the water column. The arenas and filming structure
were placed in the center of the room. Four animals,
one by arena, were recorded at a time. Lineages were
recorded separately in each trial and animals were not
fed during the experiment.

A digital video camera recorder (Sony DCR-
TRVS), which was equipped with an infrared light
source, was set on a tripod and placed above the
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arenas. The infrared light allowed for the recording
during the dark phase of the photoperiod. The camera
was coupled to a computer to store the video recording
data. Each trial consisted of a 24-h recording along the
LD cycle, and the animals were not disturbed while
changing the camera settings to optimize the recording
during the light or dark period. The recording appa-
ratus scheme is represented in Fig. 1.

Gene expression analysis
Animals maintenance and tissue extraction

After locomotor activity assays, animals were taken
back to the culture system and acclimated for at least 2
weeks and, following this period, the fish were
distributed into different aquaria (NT or GH individ-
uals, n =25 per group). The aquaria were kept
isolated in the culture system to avoid disturbances
during the experiment and a dim light was used during
night sampling. Five animals from each lineage were
collected from the aquaria at different time-points
(10:00—ZT02, 16:00—ZT08, 22:00—ZT14 and
04:00— ZT20) along one LD cycle. Subjects were
immediately placed on ice for dissection and each
animal originated a single sample for total RNA
extraction from the skeletal muscle. No sudden
changes in animal’s activity were observed during
sample collections. Dissection procedures were

Fig. 1 Schematic diagram
of the recording apparatus
seen from camera view and
lateral view. / Camera; 2
cable connection between
the camera and the
computer; 3 computer
(notebook); 4 infrared
lightening attached to the
camera; 5 arena (one for 7

each animal); 6 water T
column (4 cm high); 7

Recording
apparatus seen

from the camera
position

aeration; § aquarium heater;
9 animals (one/arena); 10 o=
bath tank with water from
the colony system S <«
]
9 ]
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realized during the period between each time point
of sample collection. The fish were killed with a lethal
dose of tricaine (MS-222; Ethyl-3 aminobenzoate) and
stored in ice until tissue collection. During the night
procedures, the animals were taken from the room
inside sealed boxes to avoid exposure to light.

Skeletal muscle was dissected from the dorsal
epaxial myotomes, directly immersed in TRIZOL
Reagent™ (Invitrogen, Brazil) and consecutively
stored at —80 °C until total RNA extraction
procedures.

Total RNA extraction and cDNA synthesis

Total RNA was isolated by TRIZOL Reagent Solu-
tion™ method according to manufacturer’s instruc-
tions (Invitrogen, Brazil). RNA integrity was further
checked by agarose gel electrophoresis. Consecu-
tively, the obtained total RNA (1 pg) was used as a
template for cDNA synthesis using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosys-
tems, Brazil) according to manufacturer’s instructions.

Primers design and gene expression analysis

The sequence of ten primer pairs, for genes described
as core-clock genes in other vertebrate models
(clockla, clocklb, bmalla, bmallb, crylb, cry2b,
perla, perlb, per2 and per3), were obtained from a

2

. 1 — Camera
Lateral view of .
the receording 2 — Cable connection
3 — Notebook

apparatus 4 — Infrared lightening

5 —Arena

4 6 — Water column
7 — Aeration
5 8 — Aquarium heater
9 — Animals
10 —Bath tank
} 4 cm
9
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previous study (Amaral and Johnston 2012). The
primers for two genes, beta-actin (BAC—F:CTGTC
CACCTTCCAGCAGAT; R:GATGGACCTGCCTC
GTCGTA; product length 60 bp; accession number
NM_131031) and beta-2-microglobulin (B2M—F:GC
CTTCACCCCAGAGAAAGG; R:GCGGTTGGG
ATTTACATGTTG; length 101 bp; NM_131163),
used as internal controls, were designed using the
software Primer Express 3.0 (Applied Biosystems,
Brazil) based on sequences available at GenBank
(http://www.ncbi.nlm.nih.gov).

Gene expression was analyzed by real time quan-
titative PCR (qPCR). Each sample (n = 5 fish per
time-point per lineage) was analyzed in duplicate and
PCR reactions were performed in a 7300 Real-Time
System (Applied Biosystems—Brazil) using Platinum
SYBR Green qPCR SuperMix-UDG Kit (Invitrogen,
Brazil). The thermocycling program consisted of
2 min at 95 °C and 40 cycles of 15 s at 95 °C and
30 s at 60 °C. Serial dilutions of a skeletal muscle
sample obtained from NT fish were realized for all
primer pairs to determine the efficiency of qPCR
reaction.

Data analysis
Data analysis from locomotor activity

To collect data from the video recording experiments,
a software capable of capturing the bi-dimensional
positioning coordinates of the subjects along the time
was developed. The software, developed in language
C, analyses the recording data frame by frame. The
positioning coordinates are captured at each frame
analyzed. The analysis interactively applied to the
video frames is realized according to the type of
environmental light (including night vision resources).
Before analysis, the frame is treated with a low-pass
spatial filter to improve its quality in the analysis
process. Subsequently, if the frame is from a diurnal
video, it is segmented by threshold method. Each pixel
is labeled either as background or the body of the
animal. The same is applied in the nocturnal video
recording data but, in this case, the pixels labeling is
applied based on the result of the subtraction of the
frame by a background image. After the pixels
labeling by segmentation, the pixels identified as part
of the fish’s body are re-evaluated. Those united by
connectivity-of-8, in consistent portions with the size

of the animal body, are considered as a representation
of the subject body. This re-evaluation avoids the
dispersed residuals, generated by the fish, or artifacts
originated from the recording process, which are
considered in the identification of the position coor-
dinates. The process of data collection using this
software can be applied in experiments involving
controlled environments, with uniform background
and illumination, providing contrast and visibility of
the fish. By the end of the analysis, an archive with the
position coordinates of the fish along time is gener-
ated. These data are treated in MatLab software,
aiming to eliminate the noise by hysteresis. Also, the
dislocation of each fish at each time point was
calculated, allowing measurement of the traveled
distance in pixels along each 5 min.

The following variables, according to Witting et al.
(1990), were obtained using the data extracted from
the video recordings: 10 most active hours (M10), 5
least active hours (L5), beginning of M10 (F10),
beginning of L5 (F5), relative amplitude (RA),
responsiveness to light on (RL), relative activity
(Act) and relative rest (RR). The variable M10 was
calculated by summing the distance covered by each
animal each 5 min along the LD cycle using a fixed
window of 10 h to find the highest value. The variable
L5 was calculated by summing the distance covered
by each animal each 5 min along the LD cycle using a
fix window of 5 h to find the lower value. The variable
RA was calculated by the equation (M10-L5/
M10 + L5). The variable RL was calculated by
normalizing the sum of the distance covered by each
animal, each 5 min, from 08:35 to 08:45 (10 min of
interval after 35 min from lights on—ZTO0), by the
total time of recording (1440 min). The variable Act
was calculated by normalizing the sum of the distance
covered by each animal, each 5 min, from 00:10 am
(ZT16) to 04:20 (ZT20—middle period of night
phase) by the total minutes of recording (1440 min).
The variable RR was calculated by normalizing the
sum of the distance covered by each animal, each 5
min, from 12:40 (ZT04) to 16:50 (ZT08—middle
period of light phase), by the total minutes of
recording (1440 min).

Each of the mentioned variables calculated for
locomotor activity was submitted to Kolmogorov—
Smirnov and Levene’s tests confirming that 95% of
the data followed the assumptions of normality and
homogeneity of variance. Consecutively, one-way

@ Springer


http://www.ncbi.nlm.nih.gov

744

Transgenic Res (2017) 26:739-752

ANOVA was performed followed by Newman—Keuls
post hoc test and mathematical transformations were
applied when necessary. Besides, additional analysis
of locomotor activity data was realized concerning the
sum of fish dislocation each 30 min. One-way
ANOVA, followed by Newman—Keuls post hoc test,
was performed intending to verify differences between
the locomotor activity of NT and GH-animals at each
time point (each 30 min).

Data analysis from gene expression

Results from serial dilutions were analyzed by the
software REST”” and significant differences in gene
expression data between NT and GH-transgenic
animals were accessed by 272" method for each
paralog at each time point. Consecutively, intending to
access possible differences in gene expression
between NT and GH animals, one-way ANOVA was
performed, at each time point, followed by Neuman-
Keuls post hoc test. Data are expressed as mean
(£SE). Significant differences were assumed when
p < 0.05 for all analyses.

Results
Locomotor activity assays

NT and GH-transgenic animals presented higher
activity during the dark phase, and significantly higher
locomotor activity was observed in GH transgenic fish
from 22:00 (ZT14) to 05:00 h (ZT21) at almost all
time points (Fig. 2a). Besides, the same differences
were also observed during the light phase at almost all
time points comprised between 12:30 (ZT04) hours
and 15:00 h (ZT07) and at 19:30 (ZT11) and 20:00 h
(ZT12).

Considering the variables calculated based on
locomotor activity data, GH-transgenic animals pre-
sented significantly higher M10 values when com-
pared with control group (Fig. 2b). No significant
differences were observed for the period of 5 h of
lower activity (L5), relative amplitude (RA) and
relative rest (RR) (data not shown). The absence of
significant differences for F10 and F5 values evinces
that the most and less active period of locomotor
activity, respectively, started near the same time for all
animals in each group (data not shown). Also, no
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statistical differences were observed between the
groups concerning the period right after lights were
turned on (RL), evincing that the animals were not
differently affected by this factor (data not shown).

Interestingly, although differences in M10 values
are in agreement with the period where differences
were observed at each time point during the period of
10 h of higher activity (Fig. 2a), the same was not
observed for L5 values when, despite differences were
observed from 12:30 (ZT04) hours and 15:00 h
(ZT07) and at 19:30 (ZT11) and 20:00 h (ZT12), no
difference was observed for this variable (data not
shown).

Gene expression assays

After the locomotor activity assays were realized, the
gene expression pattern of the clock machinery that
could be underlying the observed behavior was
assessed.

Gene expression of each paralog at each time point
for both groups

Significant differences were observed between NT and
GH animals only at a single time point for clock
paralogue genes expression (Fig. 3). Decreased
clockla and clocklb expression was observed in the
skeletal muscle of GH animals at ZT14, when
compared with NT animals. No significant differences
between both groups were observed for the remaining
analyzed genes at any time point.

Gene expression of each paralog along the time
for each group

Concerning the analyzed paralogues from the positive
loop of the circadian system, significant differences
were observed in gene expression along time for
bmalla (GH), and clock 1a (NT) for at least one group
(Fig. 3). Only GH animals showed significant increase
in bmalla gene expression at ZT08, while only NT fish
evinced significant increase in clockla gene expres-
sion at ZT14, when compared with ZT02 and ZTO8,
and this increase was maintained at the last time point
(ZT20).

Except for crylb, significant differences were
observed for gene expression along the time in all
paralogues for at least one group, regarding the



Transgenic Res (2017) 26:739-752

745

Fig. 2 a Locomotor
activity profile of non-
transgenic and GH-
transgenic animals kept
under a 12L:12D LD cycle
(460 Ix) along 1 day. Each
line represents the average
locomotor activity from NT
(n=6)and GH (n = 8)
fish. Locomotor activity
profile is given by the
average of locomotor
activity values of all
animals, in each group, each
30 min. The black bar
represents the dark phase

6.0x10" -
5.0%10" -
4.0x10""{ |
3.0x10" -

2.0x10"" -

Locomotor Activity (pixels/30 min)

1.0x10""

(2) 7:0%10 " p— 1

and the white bar represents 0.0
the light phase of the LD

12 13 14 15 16 17 18 19 20 21 22 23 00 01 02 03 04 05 06 07 08 09 10 11 12

Ti ZT,

cycle. Vertical dashed and ime (ZT)
dotted .lznes represent the (b) 1.0%x10"3 -
approximate M10 and LS
interval respectively, given 9.0x1012 *
by the average F10 and F5
values from all animals in 8.0x10'2 I
both groups. b M10 values .
of NT and GH animals 7.0%10" 1
calculated based on the 12 |
video recording data. Values 6.0x10
are represented by average g 5.0%102 4
+SE. Stars indicate
significant differences 4.0%10'2 4
(p < 0.05) between NT and
GH animals 3.0x10"% 1

2.0%10"2

1.0x10"2 4

0.0 T T
NT GH

analyzed genes from the negative loop of the circadian
system (Fig. 4). The paralogue cry2b presented
increased expression at ZT14 when compared with
the first (ZT02) and the last time point. A similar
pattern was observed for the paralogues perla and
perlb, presenting decreased expression at ZT08 and
ZT14, when compared with the first and the last time
point, for both groups. Non-transgenic animals
evinced significantly increased per2 expression at
the first time point, and GH fish presented, for this
same gene, two peaks of expression at ZT02 and
ZT14, which were not significantly different between
them but from the remaining time points (ZT08 and
ZT20). Similar expression pattern was also observed
in both groups for the paralogue per3. Significant
decreased expression was noticed, for NT and GH fish,

from ZTO8 to ZT14, with the last time point evincing
an expression level similar to that observed at the first.

Discussion

Zebrafish exhibit typical diurnal locomotor activity
rhythm. Since the pioneer experiments of Hurd et al.
(1998), involving locomotor activity rhythm response
to light and temperature, many other researchers have
presented the same locomotor activity pattern while
trying to elucidate the strength and mechanisms
underlying the response to other Zeitgebers (Blanco-
Vives and Sanchez-Vazquez 2009; Del Pozo et al.
2011; Hurd and Cahill 2002; Loépez-Olmeda and
Sanchez-Vazquez 2009; Lopez-Olmeda et al. 2010;
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Fig. 3 Differences in the expression of genes known to be
activators of the circadian system between NT (white bars) and
GH animals (grey bars) at ZT 2, 8, 14 and 20. Values are
represented as average +SE, n =5 per time point. Stars

Sanchez and Sanchez-Vazquez 2009). Interestingly,
the present work pictured the opposite situation. Both,
non-transgenic (NT) and GH-transgenic animals,
presented higher locomotor activity pattern during
the dark phase of the LD cycle (Fig. 2a). Such
difference can be attributed to the plasticity described
in recent studies for zebrafish, which could be
considered a dual species and not strictly diurnal
(Lopez-Olmeda and Sanchez-Vazquez 2009; Lopez-
Olmeda et al. 2010; Del Pozo et al. 2011). Also, strong
evidences have been described relating a nocturnal
behavior to a constitutive pattern of clock paralogs in
mammals, mainly rodents (Oishi et al. 2003; Shear-
man et al. 2000; Dardente et al. 2004), and a diurnal
behavior to a rhythmic pattern of these genes, as
observed in sheep and mouse species (Lincoln 2006;
Chakir et al. 2015). Although these data is consistent
for the clock 1b expression pattern observed in the
present work, it should be considered that fish species
present decentralized circadian clock machinery,
differently from what is observed in mammals, as it
will be discussed further in the text. Therefore, more
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evidence should be gathered to trace a parallel
between clock expression pattern and a diurnal or
nocturnal behavior in fish species as it has been
already speculated in mammals.

Although the opposite pattern of locomotor
activity along the LD cycle was observed in the
present work, differences were observed between
the dark and light phases in and between the groups
(Fig. 2). Both groups evinced differences between
light and dark phase, as confirmed by the locomotor
activity values observed during M10 and LS5 periods
(Fig. 2a) and M10 (Fig. 2b), L5, RA, Act and RR
(Data not shown) values. These data characterized
the dark phase as the activity period and the light
phase as the resting period. Such differences in the
amplitude of locomotor activity along the LD cycle
are commonly observed in animals undergoing
normal LD cycles (Blanco-Vives and Sanchez-
Vazquez 2009; Del Pozo et al. 2011; Hurd and
Cahill 2002; Lépez-Olmeda and Séanchez-Vazquez
2009; Lopez-Olmeda et al. 2010; Sanchez and
Sanchez-Vazquez 2009).
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Fig. 4 Differences in the expression of genes known to be
repressors of the circadian system between NT (white bars) and
GH animals (grey bars) at time points at ZT 2, 8, 14 and 20.

Despite no differences were observed in L5 values
between NT and GH fish, increased activity was
punctually observed during the period of time com-
prising the L5 interval (Fig. 2a). Also, M10 values
were significantly different between both groups
(Fig. 2b) and significant differences were also punc-
tually observed along almost the whole period com-
prising M10 interval (Fig. 2a). Therefore, although
data analysis from the locomotor activity variables
indicate a solid period of activity and rest for both

Values are represented as average +=SE, n = 5 per time point.
Different letters represent significant differences along the time
for each gene in each group (p < 0.05)

groups, GH-transgenic animals appear to present a
higher locomotor activity, when compared with NT,
along the LD cycle.

Direct effect of GH on the signaling pathways
controlling the expression of genes involved in the
circadian system could also be occurring in the
transgenic fish. However, evidence of higher meta-
bolic level have been already documented for GH-
transgenic animals, such as higher growth rate and
gene expression levels of GHR and IGF-I in liver
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(Figueiredo et al. 2007b), higher levels of oxygen
consumption and reactive species of oxygen produc-
tion (Rosa et al. 2008, 2011), the energetic cost of a
downregulation mechanism in the somatotropic axis
(Studzinski et al. 2009), early senility (Rosa et al.
2008) and higher food intake (Dalmolin et al. 2015).
Therefore, the differences in the locomotor activity
behavior observed in GH-transgenic animals could
have been caused by alterations in the metabolism of
these animals, triggered by the excess of GH.

Differently from mammals, zebrafish appears to
have a decentralized circadian clock and many
peripheral tissues can be directly responsive to light,
the strongest Zeitgeber capable to set the circadian
machinery in the species by adjusting the expression
pattern of genes known to be activators and repressors
of the circadian system (Amaral and Johnston 2012;
Mracek et al. 2012; Pando et al. 2001; Vallone et al.
2004; Vatine et al. 2009; Whitmore et al. 1995).
Concerning the genes from the positive loop of the
circadian system, some studies, involving clock and
bmal paralogs, were able to identify a strong expres-
sion pattern in the central pacemaker and peripheral
tissues of zebrafish such as brain, eye, pineal, heart,
kidney, spleen (Cermakian et al. 2000; Whitmore et al.
1998) and muscle (Amaral and Johnston 2012) along
the LD cycle, peaking at the beginning of the evening.
In this last, the acrophase of all clock and bmal
paralogs occurred 2 h after the beginning of the dark
phase and, except for bmalla, the scotophase occurred
2 h after the beginning of the light phase.

Data regarding gene expression of the positive loop
in the present study raises two interesting possibilities.
At first sight, the decreased expression of clock
paralogues (clockla and clocklb) (Fig. 3), observed
in GH-transgenic animals when compared with the
control group at ZT14, and the absence of differences
between both groups for bmal paralogs (bmalla and
bmallb), points to a possible control of circadian
rhythm by clock paralogs in the transgenic animals.
Such affirmation makes sense, once the expression
levels of clock paralogues were supposed to be
peaking at the mentioned time point, and the
CLOCK/BMAL complex is the central transcriptional
activator of the circadian system. On the other hand, a
slight but significant increase in bmalla expression
was noticed at ZT08 when analyzing GH fish along the
time, but the same was not observed for NT animals
along the LD cycle (Fig. 3) and, similarly, the same
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was observed in the expression of clockla from NT
fish at ZT14. Therefore, these data taken together
could also suggest a possible control of the circadian
rhythm by bmalla in GH fish, once the amplitude of
clock paralogues expression appears to be diminished
in these animals due to the observed decreased
expression at ZT14, while the circadian system of
NT animals would be controlled by the variation
observed in clockla expression along the LD cycle.

The negative loop of the molecular machinery,
composed by PER and CRY proteins, presents a robust
and well defined circadian rhythm depending on gene
expression of per paralog genes in different tissues,
which appears to be driven by the period of the day
(Delaunay et al. 2000; Vallone et al. 2004; Ziv et al.
2005; Lahiri et al. 2005; Vatine et al. 2011; Mracek
et al. 2012; Amaral and Johnston 2012). On the other
hand, except for cryla, the remaining cry paralogs
present a quite variable expression pattern (Kobayashi
et al. 2000; Vatine et al. 2011). Interestingly, almost
all genes from the negative loop were expressed
almost in anti-phase in the skeletal muscle of zebrafish
(Amaral and Johnston 2012).

No significant transcriptional alteration of genes
composing the negative loop of the circadian system
was observed when comparing both groups of fish
(Fig. 4) at each time point. Considering the expression
patterns previously observed for skeletal muscle
(Amaral and Johnston 2012), although no significant
differences were found between both groups at each
time point for all analyzed genes, cry2b appears to be
already downregulated at the beginning of the light
phase in GH fish, once significantly lower expression
levels were observed at ZT02, but the same was not
observed for NT group. Thus, similarly to what was
observed for bmalla and clockla (Fig. 3), it might be
suggested that a control of the negative loop in GH-
transgenic fish could be driven by cry2b expression,
once this was the only gene evincing expression
variation along the LD cycle and the same was not
observed in NT animals. Besides, the remaining
analyzed genes from the negative loop of the circadian
system exhibited no variation at all (crylb) or similar
expression pattern (perla, perlb, per2 and per3) along
the LD cycle in both groups of animals, as shown in
Fig. 4, suggesting no possible control or modulation
by these genes.

These differences observed in the expression of
genes from the circadian machinery, in GH-transgenic
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animals, could be related with the evidence of higher
metabolic level characteristics already documented,
such as higher growth rate and gene expression levels
of GHR and IGF-I in liver (Figueiredo et al. 2007b),
higher levels of oxygen consumption and reactive
species of oxygen production (Rosa et al. 2008, 2011),
the energetic cost of a downregulation mechanism in
the somatotropic axis (Shearman et al. 1999), early
senility (Rosa et al. 2008) and increased hexokinase
gene expression, besides higher food intake (Dalmolin
et al. 2015). On the other hand, as a possible
correlation between the circadian system and soma-
totropic has been already documented (Amaral and
Johnston 2011, 2012), the excess of growth hormone
could be directly altering the expression pattern of
genes involved in the circadian system in the skeletal
muscle of GH-transgenic zebrafish, by triggering
different pathways involved in the control of genes
from the circadian machinery.

Despite all the altered responses of transgenic
animals to the LD cycle observed in the present study,
it should be considered that zebrafish present physi-
ological changes caused by aging, such as diminished
sleep-like state, probably related to the decrease in
melatonin production (Tsai et al. 2007; Zhdanova et al.
2008). Besides, many studies have reported that
zebrafish circadian system can be influenced by other
factors, such as temperature (LOpez-Olmeda et al.
2006; Lopez-Olmeda and Sanchez-Vazquez 2009),
feeding time (Blanco-Vives and Séanchez-Vizquez
2009; Del Pozo et al. 2011; Lopez-Olmeda et al. 2010;
Sanchez and Sdnchez-Vazquez 2009) and age (Zh-
danova et al. 2008). Therefore, the altered responses to
light observed in GH-transgenic animals shown in this
work could be associated with early senility, as
previously reported (Rosa et al. 2010), caused by the
decrease of antioxidant defenses.

The present work shows evidence that GH trans-
genesis in zebrafish causes altered responses in the
expression pattern of genes from the circadian system
machinery in the skeletal muscle along the LD cycle.
This fact suggests that GH could be an endogenous
factor involved in the regulation of the circadian
system, once GH overexpression, or even the conse-
quences over other systems caused by this factor,
appears to be leading to higher locomotor activity
along the LD cycle in zebrafish.
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