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ABSTRACT

The aim of this research was to investigate the presence of daily rhythms in the
somatotropic axis of tilapia fed at two times (mid-light, ML or mid-dark, MD) and the
influence of the time of day of growth hormone (GH) administration on the response of
this axis. Two different GH injection times were tested: ZT 3 (3 h after lights on) and
ZT 15 (3 h after lights off). In both experiments, the mMRNA expression levels of
hypothalamic pituitary adenylate cyclase-activating polypeptide (pacap), pituitary
growth hormone (gh), liver insulin-like growth factors (igfl and igf2a), and liver and
muscle growth hormone receptors (ghrl and ghr2) and IGF receptors (igfira and igf2r)
were evaluated by means of qPCR. Daily rhythms were observed in the liver for ghrl,
ghr2 and igf2r but only in fish fed at ML, with the acrophases located in the light phase
(ZT 3:30, 3:31 and 7:38 h, respectively). In the muscle, ghrl displayed a significant
rhythm in both groups and ghr2 in ML fed fish (acrophases at ZT 5:29, 7:14 and 9:23
h). The time of both GH administration and feeding influenced the response to GH
injection: ML fed fish injected with GH at ZT 15 h showed a significant increase in
liver igfl, igf2a and ghr2; and muscle ghr2 expression. This is the first report that
describes the existence of daily rhythms in the somatotropic axis of tilapia and its time-
dependent responses of GH administration. Our results should be considered when

investigating the elements of the somatotropic axis in tilapia and GH administration.

Keywords: pituitary adenylate cyclase-activating polypeptide; growth hormone;
insulin-like growth factor; growth hormone receptor; IGF receptor; GH

chronopharmacology; teleost fish.

INTRODUCTION

An understanding of growth physiology in fish is essential for the improvement of
animal production. The somatotropic axis is the principal stimulator of growth in fish,
primarily due to its effects on muscle hypertrophy and hyperplasia (Cerda-Reverter and
Canosa, 2009). The stimulatory signal is initiated in the hypothalamus, where the
pituitary adenylate cyclase-activating polypeptide (PACAP) is produced (Montero et al.,
2000). This factor stimulates the production of growth hormone (GH) in the pituitary
gland, which in turn generates signaling pathways that involve tissues such as the liver
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and the muscle and other factors such as insulin-like growth factors (IGFs) (Chang and
Wong, 2009).

GH or somatotropin is a hormone from the family of cytokines that is classified in
teleost fish as a single-chain polypeptide protein. GH is produced and released from the
anterior pituitary and acts as an important regulator of metabolism and somatic growth
in many fish species (Canosa et al., 2007). In fish, treatment with exogenous GH
effectively stimulates both somatic and lineal growth (Holloway and Leatherland,
1998), sex maturation, gametogenesis and steroidogenesis (Reindl and Sheridan, 2012),
and the adaptation to marine water of anadromous fish (Makino et al., 2007). GH
actions are triggered by binding the hormone to GH receptors (GHRs), which are
present in the cells of the target tissues. Two GHR subtypes have been described in
teleost fish: GHR1 and GHR2. GHR1 is structurally the most similar to tetrapod GHR,
whereas GHR2 seems to be restricted to teleosts (Fuentes et al., 2013). Nevertheless, the
functions of each GHR in fish remain unclear (Di Prinzio et al., 2010).

IGFs are the primary mediators of the effects of growth induced by GH in vertebrates
and can exert their actions in an autocrine, paracrine and endocrine manner (Le Roith et
al., 2001). IGFs regulate numerous processes involved in growth, such as the
stimulation of protein synthesis and the inhibition of proteolysis, proliferation,
differentiation, cell migration and survival (Duan et al., 2010; Wood et al., 2005). Two
IGFs are present in vertebrates, IGF-1 and IGF-2 (Reindl and Sheridan, 2012). In
juvenile fish, igfl mMRNA expression has been reported in all of the tissues of the
organism, thus indicating the importance of this factor as one of the main stimulators of
somatic growth (Biga et al., 2004; Shamblott and Chen, 1993). The presence of IGF-2
in fish was reported later than the presence of IGF-1. IGF-2 has been characterized in
salmon (Palamarchuk et al., 1999), rainbow trout (Shamblott et al., 1998) and zebrafish
(Danio rerio) (White et al., 2009), and its role in growth has been less studied than that
of IGF-1. IGFs actions are driven by binding these factors to their receptors, IGF1R and
IGF2R, which are present in the cell membranes of most of the organism’s tissues
(Caruso and Sheridan, 2011).

Biological rhythms can be defined as endogenous events that are repeated in a regular
manner and are controlled by environmental factors that cycle in a regular and
predictable form, such as light and temperature (Morgan, 2004). These rhythms offer an
adaptive advantage because animals can time processes such as feeding and

reproduction to occur during specific periods of the day and/or the year, increasing the
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possibility of success and minimizing energy expenditure (LOpez-Olmeda et al., 2012).
Biological rhythms are present in many parts of the mammalian endocrine system
(Haus, 2007). Most studies of the rhythms in the somatotropic axis have been
performed in humans and rodents (Veldhuis and Bowers, 2003). In fish, studies on
endocrine rhythms in the somatotropic axis have primarily been performed in
Salmonids, such as the rainbow trout (Oncorhynchus mykiss) and the Atlantic salmon
(Salmo salar), showing a great variability depending on life stage and environmental
conditions (Ebbesson et al., 2008; Gélineau et al., 1996; Reddy and Leatherland, 2003).
Thus, knowledge of the existence and regulation of rhythms in the fish growth system
remains scarce.

Chronopharmacology is an area that links biological rhythms with pharmacology on the
basis that the efficacy of a drug would vary in a rhythmic manner as many physiological
variables display circadian variations (Dallmann et al., 2014). In mammals, the
application of chronopharmacology primarily focuses on cancer therapy (Dallmann et
al., 2014). In the case of GH treatment in humans, several studies have reported
variations of GH effects depending on the time of administration, with stronger effects
when the hormone is administered during nighttime (Janukonyté et al., 2013). This
coincides with the endogenous daily rhythm of GH production in humans, which shows
higher levels during darkness (Veldhuis & Bowers, 2003). However, the mechanism
that underlies this different response to exogenous GH depending on the time of the day
remains unknown. One interesting hypothesis would link the time-dependent response
to GH with rhythms in GH receptors, especially in the tissues that produce IGF such as
the liver. Rhythms in GH receptors have been described in rodents and they correlate
with IGF-1 production (Itoh et al., 2004). However, no study has correlated to date the
different effects of the time of day of GH administration with GH receptors expression,
its number and/or affinity on target tissues.

Tilapia (Oreochromis niloticus) is an omnivorous fish species that is native to Africa; it
belongs to the phylogenetic group of Cichlids (Eknath and Hulata, 2009). This fish has
a high tolerance to intensive culture, the capacity to reproduce throughout the year,
good market acceptance, high resistance to diseases and relative easiness for genetic
manipulation related to improving production (Ng and Romano, 2013). Tilapia is bred
and cultured worldwide and is the second most cultured freshwater fish after the carp

(Cyprinus carpio) (Ng and Romano, 2013). However, despite the importance of tilapia,
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very little is known about its biological rhythms and circadian system; the only studies
performed have focused on daily rhythms of behavior (Fortes-Silva et al., 2010).

The objective of this paper was to describe the presence of daily rhythms of gene
expression of key factors in the somatotropic axis of tilapia: two pituitary adenylate
cyclase-activating polypeptide (pacapla and pacaplb) in the hypothalamus; growth
hormone (gh) in the pituitary; two insulin-like growth factors (igf1 and igf2b), two IGF
receptors (igfira and igf2r) and two GH receptors (ghrl and ghr2) in the liver; and GH
and IGF receptors (ghrl, ghr2, igflra and igf2r) in the muscle. In addition, in a second
experiment the effects of different times (ML vs. MD) of feeding and different times of
GH administration, daytime (ZT3) vs. nighttime (ZT15), on all parameters of the

somatotropic axis were tested.

MATERIALS AND METHODS

Animals and housing

The experiments were conducted using 96 fish with a mean body weight of 89.0 £ 5.77
g (mean = S.E.M.). Fish were obtained from the Polytechnic University of Madrid
(Spain) and housed at the laboratory of Chronobiology of the University of Murcia. Fish
were placed in 200 L tanks that were located in a recirculation water system equipped
with biological and mechanical filters. Water temperature was controlled at 28 °C.
Several parameters of water quality such as pH, dissolved oxygen, ammonia, nitrate and
nitrite were measured daily. Photoperiod was set at a 12:12 h light:dark (LD) cycle,
with lights on at 8 h local time (Zeitgeber Time 0 h, ZT 0 h). During acclimation and
experimental periods, fish were fed a commercial diet with 36% crude protein (D-4
Alterna Basic 2P, Skretting AS, Spain) at a daily rate of 1% of their body weight.

Experimental design
All of the experimental procedures complied with the Guidelines of the European Union
(2010/63/UE) and the Spanish legislation (RD 1201/2005 and law 32/2007) on the use

of laboratory animals.

Experiment 1. Daily rhythms in the somatotropic axis
Fish (N=48) were divided in two groups. One group was fed at ZT 6 h (middle of the
day, ML) and the other at ZT 18 h (middle of the night, MD). The fish were divided in
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eight tanks (4 tanks per group, n=6 fish per tank) so that each tank could be sampled at
a single sampling point, thus avoiding the stress induced by several sampling events in
the same tank. Fish were fed using automatic feeders (Eheim, Germany) and the amount
of food delivered was adjusted to a daily ratio of 1% of body weight. Fish were kept
under the experimental conditions for 40 days, allowing them to synchronize to the
feeding time. At the end of this period, fish were sampled every 6 h during a 24 h cycle,
collecting samples at ZT 3, 9, 15 and 21 h. Fish were anesthetized with eugenol (clove
oil essence, Guinama, Valencia, Spain) at a concentration of 50 pL/L. Blood was
collected by puncture of the caudal vein using heparinized syringes (Sigma, H6278,
25,000 units/3 mL of 0.6% NaCl solution) and was kept on 1.5 ml sterile tubes
containing heparin. Blood was then centrifuged at 3000 rpm for 15 minutes at 4 °C and
plasma was separated and stored at -80 °C until analysis. The fish were then killed by
decapitation, and samples from the hypothalamus, pituitary, liver and muscle were
collected and kept in sterile Eppendorf tubes, which were immediately frozen on dry ice
and then stored at -80 °C until analysis. Fish manipulation and tissue collection during

the dark phase were performed under a dim red light.

Experiment 2. Influence of the time of day in the response to GH administration

This experiment was performed after analyzing the results of experiment 1, thus
enabling us to establish the two different times used for GH administration. Fish (N=48)
were placed in eight tanks (n=6 fish per tank) and divided in two groups (4 tanks per
group) that were fed at two different times: one group fed at ZT 6 h (ML) and the other
group fed at ZT 18 h (MD). As in the first experiment, fish were fed a daily ratio of 1%
of their body weight using automatic feeders; they were kept under the experimental
conditions for 40 days. At the end of this period, two solutions were prepared: one
solution contained GH (human recombinant GH, Genotonorm Miniquick, Pfizer, New
York, USA) and the control solution used a saline vehicle (VEH) (0.9% NaCl dissolved
in bidistilled water). The four tanks from each feeding group were classified according
to the solution injected and the time of day as follows: fish injected with GH at ZT 3 h
(3 h after lights on), fish injected with VEH at ZT 3 h, fish injected with GH at ZT 15 h
(3 h after lights off), and fish injected with VEH at ZT 15 h. GH solution was prepared
at a concentration of 2 mg/ml, and the dose administered was 2 mg/kg of fish body
weight. At the moment of the injection, fish were first slightly anesthetized using

eugenol at a concentration of 10 pL/L, then fish were weighted, the dose was calculated
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and the injection was performed. Both GH and VEH were administered intramuscularly,
in the left side of the fish in a point midway between the base of the dorsal fin and the
lateral line. The administration of mammalian GH, the dose used and time of sampling
after GH injection were selected according to previously published studies in fish (Inui
et al., 1985; Mancera & McCormick, 1998; Miwa & Inui, 1985; Sangiao-Alvarellos et
al., 2006; Shamblott et al., 1995). Sample collection was performed 10 hours after GH
administration in all groups; thus, samples from fish injected at ZT 3 h were collected at
ZT 13 h and samples from fish injected at ZT 15 h were collected at ZT 1 h the
following day. Samples from blood, the hypothalamus, the pituitary gland, the liver and
muscle were collected as described for Experiment 1. Fish manipulation, injection and
tissue collection during the dark phase were performed under a dim red light.

Plasma GH analysis

Plasma GH levels were measured by means of a commercial Salmon GH ELISA kit
(Catalog No E0044s, EIAab Science Co. LTD, Wuhan, China). The homology between
salmon GH and tilapia GH accounts for 62 % of identity and 78 % of similarity. The kit
was validated for tilapia samples performing a parallelism test, consisting of serial
dilutions of tilapia plasma containing known amounts of GH and comparing the
resulting values with the standard curve, with recovery values of 92.4 + 3.5 %.

Real time RT-PCR analysis

Samples of the hypothalamus, the pituitary gland, the liver and muscle were transferred
to sterile tubes containing 0.5 ml of Trizol (Invitrogen, CA, USA). Tissue samples were
mechanically homogenized and total RNA extraction was performed according to the
manufacturer’s instructions (Invitrogen). The RNA pellet was dissolved in sterile DEPC
water. In the next step, total RNA (1 ug) was retro-transcribed using a commercial kit
(QuantiTect Reverse Transcription Kit, Qiagen, Germany), which included a step
involving genomic DNA elimination. The cDNA was subjected to quantitative PCR
analyses using a light thermocycler (7500 Real-Time PCR system, Applied Biosystems,
CA, USA) pursuant to the following protocol: 95°C for 15 min, followed by 40 cycles
of 95°C for 15 sec and 60°C for 1 min. Quantitative PCR reactions were performed
using SYBR Green PCR Master Mix (Applied Biosystems). All of the samples were run
in triplicate. The expression of pacapla and pacaplb was analyzed in the

hypothalamus; gh expression was measured in the pituitary; igfl, igf2b, igflra, igf2r,
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ghrl and ghr2 expression was analyzed in the liver; and igflra, igf2r, ghrl and ghr2
expression was analyzed in the muscle. Primer sequences are shown in Table 1. The
primers were designed using Primer3 software (Rozen and Skaletsky, 2000). The
relative amplification efficiencies of all of the genes were analyzed using cDNA
dilution curves, verifying that they were similar for all genes. The PCR reaction was
performed in a final volume of 20 pL. Primers for pacapla, ghr2, igfl, igf2b and igf2r
were added at a final concentration of 200 nM, and pacaplb, gh, ghrl and igflra were
added at a final concentration of 400 nM. Primer concentrations were determined using

a primer dilution curve.

Data analysis

The relative expression of all genes was calculated by the 22" method (Livak and
Schmittgen, 2001). The first normalization was performed for all samples using the
geometric mean of two reference genes: elongation factor /« (ef1a;) and 18s
(Vandesompele et al., 2002). Primer sequences for both genes were obtained from a
previously published paper (Yang et al., 2013). Housekeeping genes were selected after
checking that the coefficient of variation (C.V.) for each gene within each tissue was
lower than 5%. The second normalization was performed, for data from Experiment 1,
using as the reference the sample with the lowest value within each gene, tissue and
feeding method. For the Experiment 2, the average value of each VEH group was
calculated and then these data were used as the references for the second normalization
for their respective GH groups.

Data for each variable analyzed in Experiment 1 were subjected to one-way ANOVA,
followed by a Tukey’s post hoc test, to check for significant differences between times
of day within a single feeding group (ML or MD). Data were also subjected to a
Cosinor analysis to check for the existence of a significant daily rhythm. Cosinor
analysis is based on the least squares approximation of time series data with a cosine
function of known period of the type Y = Mesor + Amplitude * cos ((2n(t-
Acrophase)/Period). Cosinor analysis also identifies the statistical significance of the
rhythm through an F-test of the variance accounted for by the waveform versus a
straight line of zero amplitude (null hypothesis).

Data for each variable from Experiment 2 were subjected to Student’s t-test to check for
significant differences between GH and VEH administered at one particular time (ZT3

or ZT15) within each feeding group. In addition, data from the groups injected with GH
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(normalized with the average value of their respective VEH group) were subjected to
one-way ANOVA, followed by a Tukey’s post hoc test, to check for significant
differences between GH injection times and feeding times for each gene.

Statistical analyses (one-way ANOVA and t-test) were performed using SPSS software
(v. 19.0, IBM, Armonk, NY, USA). Cosinor analysis was performed using El Temps
(version 1.275, Prof. Diez-Noguera, University of Barcelona). The significance
threshold (o)) was set at 0.05 in all of the statistical tests performed.

RESULTS

Experiment 1. Daily rhythms in the somatotropic axis

Among all of the genes from the somatotropic axis analyzed, it was the GH receptors as
well as liver igf2r that displayed statistically significant daily rhythms (Cosinor, p<0.05)
(Table 2). Moreover, a differential effect due to feeding time was observed. Fish fed at
ML showed rhythmicity in ghrl, ghr2 and igf2r in the liver (Figure 1A-B), with the
acrophases of both ghrs located close to ZT 3:30 h (3:30 h after lights on) and the
acrophase of igf2r at ZT 7:38 h (Table 2), whereas fish fed at MD did not display
significant rhythms in the genes analyzed in the liver. The expression of ghrl and ghr2
also showed statistically significant differences depending on the time of the day
(ANOVA, p<0.05) (Figure 1A-B). In addition, although significant daily rhythms were
not revealed by Cosinor (p>0.05), igfl in fish fed at ML displayed statistically
significant differences depending on the time of the day (ANOVA, p<0.05), with the
highest values being found at ZT 3 h and the lowest values at ZT 9 h (Figure 1D).
Conversely, among all of the genes analyzed in the muscle, only ghrl and ghr2 showed
statistically significant rhythmicity (Cosinor, p<0.05) (Table 2) (Figure 2A-B). Rhythms
in ghrl expression were observed in both groups (ML and MD feeding), although the
acrophase differed between feeding treatments, occurring 1:45 h earlier in the ML
feeding group than in the MD group (ZT 5:29 and 7:14 h for ML and MD,
respectively). Rhythms in ghr2 expression were only observed in the ML group and
showed an acrophase located at ZT 9:23 h (Table 2). In addition, ghr2 in the ML
feeding group showed differences between time points, with the highest values at ZT 9
and the lower values at ZT 21 h (ANOVA, p<0.05) (Figure 2B); and igflra in the MD
group showed higher values at ZT 9 than at ZT 3 and 15 h (ANOVA, p<0.05) (Figure
2C).
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That notwithstanding, the rest of the genes analyzed (hypothalamic pacapla and
pacaplb; pituitary gh; liver igf2a; and liver and muscle igf2r) showed neither
statistically significant rhythmicity (Cosinor, p>0.05) nor significant differences
depending on the time of the day (ANOVA, p>0.05). Plasma GH also showed neither
significant rhythms nor significant differences between time points, displaying constant
levels throughout the day in both groups, with average values of 38.5 + 3.6 and 33.7 +
4.3 ng/ml in ML and MD fish, respectively. Finally, no expression of the gene igflra

could be detected in the liver tissue samples.

Experiment 2. Influence of the time of day in the response to GH administration

After analyzing the results of Experiment 1, only several of the factors analyzed
displayed variations depending on the time of the day (liver ghrl, ghr2, igfl and igf2r;
muscle ghrl, ghr2 and igflra). In all of these parameters, the highest values were
located during the light phase. For that reason, one GH administration time was set at
ZT 3 h, thus allowing the exogenous GH to exert its actions throughout the light phase
and the other time at ZT 15 h, thus allowing the exogenous GH to exert its actions
throughout the dark phase.

The analysis of GH administration in tilapia revealed that both the time of injection of
this hormone and the feeding time influenced the response of some of the factors from
the somatotropic axis. In the pituitary, the highest gh expression values were observed
in the animals from the ML group injected at ZT 3 h; those values were significantly
higher than gh values in the MD group injected at ZT 15 h (ANOVA, p<0.05) (Figure
3A). In parallel with pituitary gh values, the highest values of pacaplb in the
hypothalamus were detected in the ML group fish injected at ZT 3 h; those values were
significantly higher than the pacaplb expression levels in the MD group injected at the
same time (ANOVA, p<0.05) (Figure 3B). However, no significant differences of either
gh or pacaplb were found between the animals injected with GH and their VEH
controls (t-test, p>0.05).

In the liver, both the time of day of GH administration and the feeding time influenced
the response in this tissue. GH injected at ZT 15 h in fish fed at ML produced a
significant increase in both igfl and igf2a compared to the VEH controls (t-test, p<0.05)
(Figure 4A-B). The increase in igfl and igf2a in this group was significantly higher than
in the ML feeding group injected at ZT 3 h and in the two MD feeding groups (injected
at ZT 3 and 15 h) (ANOVA, p<0.05) (Figure 4A-B). GH injection in the ML group had

10
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a significant effect on ghrl levels depending on the time of administration, with higher
values observed when GH was injected at ZT 15 h compared with the injection at ZT 3
h (ANOVA, p<0.05) (Figure 4C). In addition, GH injection at ZT 15 h increased ghr2
expression levels compared with the VEH groups in both ML and MD fed fish (t-test,
p<0.05) (Figure 4D). This increase in ghr2 in the ML group injected at ZT 15 h was
significantly higher than the values observed in the fish injected at ZT 3 h from both
groups (ML and MD feeding) (ANOVA, p<0.05) (Figure 4D).

In muscle, only GH receptors displayed significant variations (Figure 5). With respect
to ghrl, its expression was significantly reduced by GH injection at ZT 15 h in the ML
group, compared both with its own VEH control and with those of the rest of the groups
(t-test, p<0.05) (ANOVA, p<0.05) (Figure 5A). In the case of ghr2, GH administration
at ZT 15 h in the ML group significantly increased the expression of this gene compared
with both the VEH and the groups fed at MD (t-test, p<0.05) (ANOVA, p<0.05) (Figure
5B). In addition, GH injection at ZT 15 h in the MD group also increased ghr2
expression compared to its VEH control (t-test, p<0.05) (Figure 5B).

Finally, hypothalamic pacapla, liver igf2r and muscle igfira and igf2r showed no
statistically significant differences, neither between injected groups (ANOVA, p>0.05)

nor between each GH administered group and its VEH control (t-test, p>0.05).

DISCUSSION

Among all of the evaluated factors from the somatotropic axis of Nile tilapia, GH
receptors (ghrl and ghr2) and one IGF receptor (igf2r) displayed significant daily
rhythms (Cosinor), with their acrophases located during the light phase. In addition,
liver igf1 and muscle igfira displayed significant daily differences (not sinusoidal). The
feeding time at which fish were acclimated influenced these factors, as the observed
results were different depending on the feeding time (ML vs. MD). In addition, the
response of the somatotropic axis elements to exogenous GH administration was time-
dependent. The most effective time for inducing a physiological response was GH
injection at ZT 15 h (3 h after lights off) in the fish fed at ML, which stimulated the
expression of liver igfl, igf2a and ghr2 and muscle ghr2.

The rhythmic control of fish endocrinology by the hypothalamus and the pituitary gland
has been reported in previous papers, although studies have primarily focused on
reproduction (Ando et al., 2014; Okuzawa and Gen, 2013; Zucchi et al., 2013) and the

11
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stress axis (LOpez-Olmeda et al., 2013). However, there are few studies on the rhythms
in the somatotropic axis of fish and to our knowledge, none of those studies considered
tilapia. Research on GH rhythms in fish has focused on GH plasma contents (Bjornsson
et al., 2002; Ebbesson et al., 2008; Zhang et al., 1994) but not pituitary gh expression.
In this study, no rhythmicity was observed either in plasma GH or in gh expression in
tilapia juveniles, although it should be noted that GH rhythms in fish may show a great
variability depending on life stage, with rhythmicity lost in some stages (Ebbesson et
al., 2008). However, daily rhythms were observed in the expression of GH receptors
(ghrl and ghr2) in GH target tissues such as liver and muscle; to our knowledge, this is
the first study to report such ghr expression rhythms. Thus, it could be hypothesized
that although GH did not display rhythmic variations, its actions on target tissues would
actually be rhythmic because they would occur driven by rhythmic changes in GH
receptors. In addition, with respect to the IGF system, significant differences were
observed in liver igfl expression depending on the time of the day in animals fed at ML,
with the highest expression located at ZT 3 h, which coincides with the acrophase of
ghrs in these animals. GH is the main regulator of IGF production in a wide variety of
tissues in vertebrates (Piwien-Pilipuk et al., 2002; Wood et al., 2005); therefore, in the
present study, the differences of igf1 could be driven by daily changes in the density of
GH receptors at specific points of the day.

Previous studies in vivo have shown that GH injections increase the expression of igfl
and/or igf2 in the liver of several fish species such as carp (Tse et al., 2002; Vong et al.,
2003), rainbow trout (Shamblott et al., 1995) and channel catfish (Ictalurus punctatus)
(Peterson and Small, 2005). In this research, an acute GH injection stimulated igfl and
igf2a in the liver. This effect was dependent on both the time of the day in which GH
was injected and feeding time, since the stimulation was only observed in fish fed at
ML which were injected with GH during the dark phase (ZT 15 h). In fish, both GH and
IGF-1 promote growth, although IGF-1 seems to be ultimately responsible for growth
(Picha et al., 2008). Thus, a higher effect of exogenous GH for promoting growth in
tilapia would be expected when it is administered at night, driven by a higher
stimulation of the IGF system.

In teleost fish, two different GH receptors (ghrl and ghr2) have been identified (Di
Prinzio et al., 2010; Fuentes et al., 2013). In this experiment, ghr2 expression was
stimulated in both liver and muscle, but only when GH was injected during the

nighttime, as was observed with the liver igfs. In the case of ghr2, however, the effects
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did not depend on feeding time. Conversely, muscle ghrl expression was decreased by
the GH injection at ZT 15 h in the ML-fed animals. Previous studies have reported the
effects of GH administration on ghr expression, which resulted in a variety of
responses. In mice, chronic GH treatment causes an increase in liver ghr levels, whereas
acute GH administration has the opposite effect, causing a reduction in ghr expression
(Baxter and Zaltsman, 1984; Maiter et al., 1988). In fish, most of the studies have been
performed using GH transgenic fish or chronic GH administration for long periods
(Kim et al., 2015; Singh and Lal, 2008). In cultured rainbow trout hepatocytes, GH
treatment resulted in an increase of both ghrl and ghr2 expression (Very and Sheridan,
2007). The studies of acute GH administration to fish in vivo are scarce. The different
response of GH receptors to GH treatment seems to vary depending on the tissue
studied and GH delivery method (acute vs. chronic). In this study, ghr2 showed a rapid
response, increasing its levels after GH administration. Thus, it is possible that ghr2
could be related to the response to acute GH administration, whereas ghrl could be
more closely related to the response to chronic GH treatments. Nevertheless, further
studies are required to elucidate this hypothesis.

PACAP is considered the primary physiological factor that stimulates the release of GH
in fish (Mitchell et al., 2008; Wong et al., 2005). In this group of vertebrates, two
PACAP isoforms are present, although it is unknown whether they have different
functions (Chang and Wong, 2009). In this study, both PACAP isoforms expressions,
pacapla and pacaplb, were analyzed. Only pacaplb showed significant differences in
the GH administration experiment; those differences matched the differences observed
in pituitary gh in the same fish, thus pointing that pacaplb could be more effective than
pacapla for inducing GH production.

The effects of two different feeding times (ML vs. MD) on the rhythms of the
somatotropic axis and the response to exogenous GH were also evaluated. In general, a
higher number of factors related to the somatotropic axis displayed rhythms, and the
effects of exogenous GH were higher in the animals fed at ML than in the animals fed at
MD. Although tilapia has been described to be able to feed at night under some
conditions (using self-feeding devices), it seems to be a mostly diurnal animal,
displaying its activity during the light phase (Fortes-Silva and Sanchez-Vazquez, 2012,
Fortes-Silva et al., 2010). One hypothesis explaining the different results obtained from
different feeding times would be that restricted feeding at night disrupts either the

circadian system or the circadian control of the somatotropic axis. Thus, daytime
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feeding seems to be a better option than night feeding for tilapia, at least for maintaining
the daily rhythms present in this species.

In summary, the regulation and response of the somatotropic axis of fish is a rhythmic
and complex process. In tilapia, daily variations in this axis seem to occur mainly at the
level of receptors. In addition, GH administration at different times of the day induced a
different response, with the highest effects observed when this hormone was
administered during the nighttime in animals fed during the light phase (the active phase
of that species). These results should be considered for future studies on the
somatotropic axis of fish because different results could be obtained depending on the
time of the day in which samples are collected and depending on feeding conditions.
The results also highlight the idea that the treatment of fish with exogenous hormones
may vary depending of the time of the day of administration. Therefore, the time of
administration of those compounds should be evaluated to maximize the treatment’s

efficiency.

ACKNOWLEDGMENTS

The authors wish to thank Juan Fernando Paredes, Carolina Bello and Viviana di Rosa
for their help with sample collection and analysis; the personnel of the Molecular
Biology Section from the Research Support Service (SAI) of the University of Murcia
for their help with gPCR assays; and Dr. Morris Villarroel from the Polytechnic
University of Madrid for providing the fish used in this study.

DECLARATION OF INTEREST

The authors report no conflict of interest. The authors alone are responsible for the
content and writing of the article. Funders had no role in the study design, data
collection and analysis, decision to publish or preparation this article. This research was
funded by projects AGL2010-22139-C03-01 and AGL2013-49027-C3-1-R, granted by
the Spanish Ministry of Economy and Competitiveness (MINECO) to FJSV, and by
project 18963/JL1/13, granted by Agencia de Ciencia y Tecnologia de la Region de
Murcia (Fundacion Seneca) to JFLO. LSC was funded through a research fellowship
from the CAPES Foundation (Ministry of Education of Brazil) (grant number 6187/13-

14



466
467
468
469
470

471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

7). JFLO was also funded through a research fellowship from MINECO (Juan de la
Cierva Program).

REFERENCES

Ando, H., Ogawa, S., Shahjahan, M., Ikegami, T., Doi, H., Hattori, A., Parhar, 1., 2014.
Diurnal and circadian oscillations in expression of kKisspeptin, kisspeptin receptor
and gonadotrophin-releasing hormone 2 genes in the grass puffer, a semilunar-
synchronised spawner. J. Neuroendocrinol. 26, 459-467.

Baxter, R.C., Zaltsman, Z., 1984. Induction of hepatic receptors for growth hormone
(GH) and prolactin by GH infusion is sex independent. Endocrinology 115, 2009—
2014.

Biga, P.R., Schelling, G.T., Hardy, R.W., Cain, K.D., Overturf, K., Ott, T.L., 2004. The
effects of recombinant bovine somatotropin (rbST) on tissue IGF-I, IGF-I receptor,
and GH mRNA levels in rainbow trout, Oncorhynchus mykiss. Gen. Comp.
Endocrinol. 135, 324-333.

Bjornsson, B.T., Johansson, V., Benedet, S., Einarsdottir, I.E., Hildahl, J., Agustsson,
T., Jonsson, E., 2002. Growth hormone endocrinology of Salmonids: Regulatory
mechanisms and mode of action. Fish Physiol. Biochem. 27, 227-242.

Canosa, L.F., Chang, J.P., Peter, R.E., 2007. Neuroendocrine control of growth
hormone in fish. Gen. Comp. Endocrinol. 151, 1-26.

Caruso, M.A., Sheridan, M.A., 2011. New insights into the signaling system and
function of insulin in fish. Gen. Comp. Endocrinol. 173, 227-247.

Cerda-Reverter, J.M., Canosa, L.F., 2009. Neuroendocrine systems of the fish brain. In:
Bernier, N.J., van der Kraak, G., Farrell, A.P., Brauner, C.J. (Eds.), Fish
Neuroendocrinology, Fish Physiology Series vol. 28. Elsevier, Amsterdam, pp. 3-
74

Chang, J.P., Wong, A.O.L., 2009. Growth hormone regulation in fish: A multifactorial
model with hypothalamic, peripheral and local autocrine/paracrine signals. In:
Bernier, N.J., van der Kraak, G., Farrell, A.P., Brauner, C.J. (Eds.), Fish
Neuroendocrinology, Fish Physiology Series vol. 28. Elsevier, Amsterdam, pp.
151-196.

Dallmann, R., Brown, S., Gachon, F., 2014. Chronopharmacology: new insights and
therapeutic implications. Annu. Rev. Pharmacol. Toxicol. 54, 339-361.

Di Prinzio, C.M., Botta, P.E., Barriga, E.H., Rios, E.A., Reyes, A.E., Arranz, S.E.,
2010. Growth hormone receptors in zebrafish (Danio rerio): Adult and embryonic
expression patterns. Gene Expr. Patterns 10, 214-225.

Duan, C., Ren, H., Gao, S., 2010. Insulin-like growth factors (IGFs), IGF receptors, and
IGF-binding proteins: roles in skeletal muscle growth and differentiation. Gen.
Comp. Endocrinol. 167, 344-351.

Ebbesson, L.O.E., Bjornsson, B.T., Ekstrom, P., Stefansson, S.O., 2008. Daily
endocrine profiles in parr and smolt Atlantic salmon. Comp. Biochem. Physiol. A
151, 698-704.

Eknath, A.E., Hulata, G., 2009. Use and exchange of genetic resources of Nile tilapia
(Oreochromis€ niloticus). Rev. Aquac. 1, 197-213.

Fortes-Silva, R., Martinez, F.J., Villarroel, M., Sanchez-Vazquez, F.J., 2010. Daily
rhythms of locomotor activity, feeding behavior and dietary selection in Nile
tilapia (Oreochromis niloticus). Comp. Biochem. Physiol. A 156, 445-450.

15



514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
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

Fortes-Silva, R., Sanchez-Vézquez, F.J., 2012. Use of self-feeders to evaluate
macronutrient self-selection and energy intake regulation in Nile tilapia.
Aquaculture 326-329, 168-172.

Fuentes, E.N., Valdeés, J.A., Molina, A., Bjornsson, B.T., 2013. Regulation of skeletal
muscle growth in fish by the growth hormone - Insulin-like growth factor system.
Gen. Comp. Endocrinol. 192, 136-148.

Gélineau, A., Mambrini, M., Leatherland, J.F., Boujard, T., 1996. Effect of feeding time
on hepatic nucleic acid, plasma T3, T4, and GH concentrations in rainbow trout.
Physiol. Behav. 59, 1061-1067.

Haus, E., 2007. Chronobiology in the endocrine system. Adv. Drug Deliv. Rev. 59,
985-1014.

Holloway, A.C., Leatherland, J.F., 1998. Neuroendocrine regulation of growth hormone
secretion in teleost fishes with emphasis on the involvement of gonadal sex
steroids. Rev. Fish Biol. Fish. 8, 409-429.

Inui, Y., Miwa, S., Ishioka, H., 1985. Effect of mammalian growth hormone on amino
nitrogen mobilization in the eel. Gen. Comp. Endocrinol. 59, 287-294.

Itoh, E., lida, K., Rincon, J.P., Kim, D.S., Thorner, M.O., 2004. Diurnal variation in
growth hormone receptor messenger ribonucleic acid in liver and skeletal muscle
of lit/+ and lit/lit mice. Endocr. J. 51, 529-535.

Janukonyté, J., Parkner, T., Lauritzen, T., Christiansen, J.S., Laursen, T., 2013.
Circadian variation in the pharmacokinetics of steady state continuous
subcutaneous infusion of growth hormone in adult growth hormone deficient
patients. Growth Horm. IGF Res. 23, 256-60.

Kim, J.-H., White, S.L., Devlin, R.H., 2015. Interaction of growth hormone
overexpression and nutritional status on pituitary gland clock gene expression in
coho salmon, Oncorhynchus kisutch. Chronobiol. Int. 32, 113-127.

Le Roith, D., Bondy, C., Yakar, S., Liu, J.L., Butler, A., 2001. The somatomedin
hypothesis. Endocr. Rev. 22, 53-74.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2"*““T method. Methods 25, 402-408.

Lépez-Olmeda, J.F., Noble, C., Sdnchez-Vazquez, F.J., 2012. Does feeding time affect
fish welfare? Fish Physiol. Biochem. 38, 143-152.

Lépez-Olmeda, J.F., Blanco-Vives, B., Pujante, I.M., Wunderink, Y.S., Mancera, J.M.,
Sanchez-Vazquez, F.J., 2013. Daily rhythms in the hypothalamus-pituitary-
interrenal axis and acute stress responses in a teleost flatfish, Solea senegalensis.
Chronobiol. Int. 30, 530-539.

Maier, D., Underwood, L.E., Maes, M., Ketelslegers, J.M., 1988. Acute down-
regulation of the somatogenic receptors in rat liver by a single injection of growth
hormone. Endocrinology 122, 1291-1296.

Makino, K., Onuma, T.A., Kitahashi, T., Ando, H., Ban, M., Urano, A., 2007.
Expression of hormone genes and osmoregulation in homing chum salmon: A
minireview. Gen. Comp. Endocrinol. 152, 304-309.

Mancera, J.M., McCormick, S.D., 1998. Evidence for growth hormone/insulin-like
growth factor I axis regulation of seawater acclimation in the euryhaline teleost
Fundulus heteroclitus. Gen. Comp. Endocrinol. 111, 103-112.

Mitchell, G., Sawisky, G.R., Grey, C.L., Wong, C.J., Uretsky, A.D., Chang, J.P., 2008.
Differential involvement of nitric oxide signaling in dopamine and PACAP
stimulation of growth hormone release in goldfish. Gen. Comp. Endocrinol. 155,
318-327.

16



563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610

Miwa, S., Inui, Y., 1985. Effects of _-thyroxine and ovine growth hormone on
smoltification of amago salmon (Oncorhynchus rhodurus). Gen. Comp.
Endocrinol. 58, 436-442.

Montero, M., Yon, L., Kikuyama, S., Dufour, S., Vaudry, H., 2000. Molecular
evolution of the growth hormone-releasing hormone/pituitary adenylate cyclase-
activating polypeptide gene family. Functional implication in the regulation of
growth hormone secretion. J. Mol. Endocrinol. 25, 157-168.

Morgan, E., 2004. Ecological Significance of Biological Clocks. Biol. Rhythm Res. 35,
3-12.

Ng, W.-K., Romano, N., 2013. A review of the nutrition and feeding management of
farmed tilapia throughout the culture cycle. Rev. Aquac. 5, 220-254.

Okuzawa, K., Gen, K., 2013. High water temperature impairs ovarian activity and gene
expression in the brain-pituitary-gonadal axis in female red seabream during the
spawning season. Gen. Comp. Endocrinol. 194, 24-30.

Palamarchuk, A.Y., Kavsan, V.M., Sussenbach, J.S., Holthuizen, P.E., 1999. The chum
salmon IGF-Il gene promoter is activated by hepatocyte nuclear factor 3beta.
FEBS Lett. 446, 251-255.

Peterson, B.C., Small, B.C., 2005. Effects of exogenous cortisol on the GH/IGF-
I/IGFBP network in channel catfish. Domest. Anim. Endocrinol. 28, 391-404.
Picha, M.E., Turano, M.J., Beckman, B.R., Borski, R.J., 2008. Endocrine biomarkers of
growth and applications to aquaculture: A minireview of growth hormone, insulin-
like growth factor (IGF)-1, and IGF-binding proteins as potential growth indicators

in fish. N. Am. J. Aquacult. 70, 196-211.

Piwien-Pilipuk, G., Huo, J.S., Schwartz, J., 2002. Growth hormone signal transduction.
J. Pediatr. Endocrinol. Metab. 15, 771-786.

Reddy, P.K., Leatherland, J.F., 2003. Influences of photoperiod and alternate days of
feeding on plasma growth hormone and thyroid hormone levels in juvenile
rainbow trout. J. Fish Biol. 63, 197-212.

Reindl, K.M., Sheridan, M., 2012. Peripheral regulation of the growth hormone-insulin-
like growth factor system in fish and other vertebrates. Comp. Biochem. Physiol. -
A 163, 231-245.

Sangiao-Alvarellos, S., Arjona, F.J., Miguez, J.M., Martin del Rio, M.P., Soengas, J.L.,
Mancera, J.M., 2006. Growth hormone and prolactin actions on osmoregulation
and energy metabolism of gilthead sea bream (Sparus auratus). Comp. Biochem.
Physiol. A 144, 491-500.

Shamblott, M.J., Chen, T.T., 1993. Age-related and tissue-specific levels of five forms
of insulin-like growth factor mRNA in a teleost. Mol. Mar. Biol. Biotechnol. 2,
351-361.

Shamblott, M.J., Cheng, C.M., Bolt, D., Chen, T.T., 1995. Appearance of insulin-like
growth factor mRNA in the liver and pyloric ceca of a teleost in response to
exogenous growth hormone. Proc. Natl. Acad. Sci. 92, 6943-6946.

Shamblott, M.J., Leung, S., Greene, M.W., Chen, T.T., 1998. Characterization of a
teleost insulin-like growth factor 11 (IGF-1l) gene: evidence for promoter
CCAAT/enhancer-binding protein (C/EBP) sites, and the presence of hepatic
C/EBP. Mol. Mar. Biol. Biotechnol. 7, 181-190.

Singh, A.K,, Lal, B., 2008. Seasonal and circadian time-dependent dual action of GH on
somatic growth and ovarian development in the Asian catfish, Clarias batrachus
(Linn.): role of temperature. Gen. Comp. Endocrinol. 159, 98-106.

17



611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648

649
650
651
652
653
654
655

Tse, M.C.L., Vong, Q.P., Cheng, C.H.K., Chan, K.M., 2002. PCR-cloning and gene
expression studies in common carp (Cyprinus carpio) insulin-like growth factor-11.
Biochim. Biophys. Acta 1575, 63-74.

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A.,
Speleman, F., 2002. Accurate normalization of real-time quantitative RT-PCR data
by geometric averaging of multiple internal control genes. Genome Biol. 3,
research0034.

Veldhuis, J.D., Bowers, C.Y., 2003. Human GH pulsatility: an ensemble property
regulated by age and gender. J. Endocrinol. Invest. 26, 799-813.

Very, N.M., Sheridan, M.A., 2007. Somatostatin regulates hepatic growth hormone
sensitivity by internalizing growth hormone receptors and by decreasing
transcription of growth hormone receptor mMRNAs. Regul. Integr. Comp. Physiol.
292, R1956-R1962.

Vong, Q.P., Chan, K.M., Cheng, C.H.K., 2003. Quantification of common carp
(Cyprinus carpio) IGF-1 and IGF-Ilt mMRNA by real-time PCR: differential
regulation of expression by GH. J. Endocrinol. 178, 513-521.

White, Y.A.R., Kyle, J.T., Wood, A.W., 2009. Targeted gene knockdown in zebrafish
reveals distinct intraembryonic functions for insulin-like growth factor 1l signaling.
Endocrinology 150, 4366—4375.

Wong, A.O.L., Li, W., Leung, C.Y., Huo, L., Zhou, H., 2005. Pituitary adenylate
cyclase-activating polypeptide (PACAP) as a growth hormone (GH)-releasing
factor in grass carp. I. Functional coupling of cyclic adenosine 3’,5'-
monophosphate and Ca2+/calmodulin-dependent signaling pathways in PACAP-
induced GH secretion. Endocrinology 146, 5407-5424.

Wood, A.W., Duan, C., Bern, H.A., 2005. Insulin-like growth factor signaling in fish.
Int. Rev. Cytol. 243, 215-285.

Yang, C.G., Wang, X.L., Tian, J., Liu, W., Wu, F., Jiang, M., Wen, H., 2013.
Evaluation of reference genes for quantitative real-time RT-PCR analysis of gene
expression in Nile tilapia (Oreochromis niloticus). Gene 527, 183-192.

Zhang, W.M., Lin, H.R., Peter, R.E., 1994. Episodic growth hormone secretion in the
grass carp, Ctenopharyngodon idellus (C. & V.). Gen. Comp. Endocrinol. 95, 337—
341.

Zucchi, S., Castiglioni, S., Fent, K., 2013. Progesterone alters global transcription
profiles at environmental concentrations in brain and ovary of female zebrafish
(Danio rerio). Environ. Sci. Technol. 47, 12548-12556.

FIGURE LEGENDS
Table 1. Primer sequences used for real-time PCR.
Table 2. Acrophase, mesor and amplitude values calculated with Cosinor analysis. Data

are indicated only for parameters that showed a significant daily rhythm (Cosinor,

p<0.05). Data are expressed as value * fiducial limits (set at 95%). The acrophase is
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indicated in ZT. Values of mesor and amplitude correspond to relative expression. *
p<0.05; ** p>0.005.

Figure 1. Daily variations of relative expression of ghrl (A), ghr2 (B), igf2r (C) and
igfl (D) in the liver of tilapia fed in the middle of the light phase (ML). Only parameters
that had statistically significant daily rhythmicity or significant differences between
times of the day have been plotted. The dashed curve represents the cosine function
calculated from a significant Cosinor analysis (p<0.05). Different letters indicate
statistically significant differences between time points (ANOVA, p<0.05). White and
black bars above the graphs indicate the light and dark periods, respectively, of the LD
cycle. Feeding time is indicated by the black arrows.

Figure 2. Daily variations of relative expression of ghrl (A), ghr2 (B) and igflra (C) in
the muscle of tilapia fed either in the middle of the light phase (ML) (white squares) or
in the middle of the dark phase (MD) (black circles). Only parameters that had
statistically significant daily rhythmicity or significant differences between times of the
day have been plotted. The dashed and dotted curves represent the cosine functions
calculated from a significant Cosinor analysis (p<0.05) for the ML and MD feeding
groups, respectively. Different letters indicate statistically significant differences
between time points (ANOVA, p<0.05), upper-case and lower-case letters indicate
significant differences between points of ML and MD groups, respectively. The white
and black bars above the graphs indicate the light and dark periods, respectively, of the

LD cycle. Feeding time is indicated by the black arrows.

Figure 3. Effects of GH administration on pituitary gh (A) and hypothalamic pacaplb
(B) relative expression in tilapia. The influence of feeding time and the time of day of
injection on the response to exogenous GH was evaluated. GH was injected into
different animals from two groups that were fed at different times: mid-light (ML) and
mid-dark (MD). GH was administered to these groups at two different time points: ZT 3
h (3 h after lights on) and ZT 15 h (3 h after lights off). Samples were collected 10
hours after GH administration. Data (mean £ S.E.M., n = 6) are represented as the
variation with respect to the mean value from a control group injected with a vehicle
(VEH) and sampled at the same times. Data from each variable were subjected to

Student’s t-test to check for differences between GH and VEH values at one time point
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of injection and to one-way ANOVA to check for differences between the GH-injected
groups. Asterisks indicate significant differences between the GH and the VEH groups
(t-test, p<0.05); different letters indicate significant differences between GH-injected
groups (ANOVA, p<0.05).

Figure 4. Effects of GH administration on liver igfl (A), igf2a (B), ghrl (C) and ghr2
(D) relative expression in tilapia. The influence of feeding time and the time of day of
injection on the response to exogenous GH was evaluated. GH was injected into
different animals from two groups that were fed at different times: mid-light (ML) and
mid-dark (MD). GH was administered to these groups at two different time points: ZT 3
h (3 h after lights on) and ZT 15 h (3 h after lights off). Samples were collected 10
hours after GH administration. Data (mean £ S.E.M., n = 6) are represented as the
variation with respect to the mean value from a control group injected with a vehicle
(VEH) and sampled at the same times. Data from each variable were subjected to
Student’s t-test to check for differences between GH and VEH values at one time point
of injection and to one-way ANOVA to check for differences between GH-injected
groups. Asterisks indicate significant differences between the GH and the VEH groups
(t-test, p<0.05); different letter indicate significant differences between GH-injected
groups (ANOVA, p<0.05).

Figure 5. Effects of GH administration on muscle ghrl (A) and ghr2 (B) relative
expression in tilapia. The influence of feeding time and the time of day of injection on
the response to exogenous GH was evaluated. GH was injected into different animals
from two groups that were fed at different times: mid-light (ML) and mid-dark (MD).
GH was administered to these groups at two different time points: ZT 3 h (3 h after
lights on) and ZT 15 h (3 h after lights off). Samples were collected 10 hours after GH
administration. Data (mean + S.E.M., n = 6) are represented as the variation with
respect to the mean value from a control group injected with a vehicle (VEH) and
sampled at the same times. Data from each variable were subjected to Student’s t-test to
check for differences between GH and VEH values at one time point of injection and to
one-way ANOVA to check for differences between GH-injected groups. Asterisks
indicate significant differences between the GH and the VEH groups (t-test, p<0.05);
different letters indicate significant differences between GH-injected groups (ANOVA,
p<0.05).
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724 Table 1. Primer sequences used for real-time PCR.

725
Gene Ensembl number F/IR Primer Sequence (5°- 3")
pacapla  ENSONIGO0000006092 T&ﬁg%ﬁgﬁ%ﬁ?gfiﬁ
pacaplb  ENSONIGO0000009205 Tgﬁ%ﬁggg@ggggg@gﬁgf
o osovemmmme [ SO
R
I
o ovovomonn | OECAGCE
igf20 ENSONIG00000014499 1 AF%E%%E%%%%?’%?‘%;?Q@?‘E
igfira  ENSONIG00000015115 Fi ETTTTL%%%%AGA(‘:CIC?%?QTICITIC
igf2r  ENSONIG00000015757 Fi Acgggé;gglgiﬁé%ﬁﬁig;

726

727

728

729  Table 2. Acrophase, mesor and amplitude values calculated with Cosinor analysis. Data
730 are indicated only for parameters that showed a significant daily rhythm (Cosinor,
731  p<0.05). Data are expressed as value + fiducial limits (set at 95 %). The acrophase is
732 indicated in ZT. Values of mesor and amplitude correspond to relative expression.

733 * p<0.05; ** p>0.005

734
: Feeding L Acrophase Amplitude

Tissue  Gene Time Significance T (re) Mesor (r.e.)

ghrl ML *x 3:30 £ 2:58 227+ 1.7 3.50+0.98

Liver  ghr2 ML fale 3:31+2:56 219+155 3.46+0.84

igf2r ML * 7:38 £ 4:40 0.64 £0.6 1.99+0.35

ghrl ML *x 5:29+2:07 264+138 355+0.77

Muscle  ghrl MD * 7:14+4:37 6.13+541 6.59+3.15

ghr2 ML * 9:23+4:25 14.48+1325 18.75+7.37
735
736
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Fig. 3
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