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a b s t r a c t

Serotonin has been implicated in the inhibition of food intake in vertebrates. However, the mechanisms
through which serotonin acts has yet to be elucidated. Recently, ETV5 (ets variant gene 5) has been asso-
ciated with obesity and food intake control mechanisms in mammals. We have analyzed a putative phys-
iological function of the two etv5 paralogous genes (etv5a and etv5b) in neuronal food intake control in
adult zebrafish that have been exposed to different nutritional conditions. A feeding assay was estab-
lished and fluoxetine, a selective serotonin re-uptake inhibitor (SSRI), was applied. Gene expression
changes in the hypothalamus were determined using real-time PCR. Fasting induced an up-regulation
of etv5a and etv5b in the hypothalamus, whereas increased serotonin levels in the fasted fish counter-
acted the increase in expression. To investigate potential mechanisms the expression of further food
intake control genes was determined. The results show that an increase of serotonin in fasting fish causes
a reduction in the activity of genes stimulating food intake. This is in line with a previously demonstrated
anorexigenic function of serotonin. Our results suggest that obesity-associated ETV5 has a food intake
stimulating function and that this function is modulated through serotonin.

! 2016 Published by Elsevier Inc.

1. Introduction

Ets variant 5 (ETV5), also known as ets-related molecule or ERM,
belongs to the ETS-family of transcription factors and is a consid-
ered transcriptional target of the FGF/MAPK signaling pathway
(Krejci et al., 2009). In humans, ETV5 has been recently related to
obesity by genome wide association studies (GWAS)
(Thorleifsson et al., 2009) and a single nucleotide polymorphism
(SNP), located 6 kb in the upstream region of this gene, appeared
in obese people of European, Asian, African-American and Hispanic
populations (Elks et al., 2010; Sandholt et al., 2010; Dorajoo et al.,
2012; Gong et al., 2013; Graff et al., 2013). In mice, deleted Etv5
gene function resulted in reduced body weight of the animals sug-
gesting that Etv5 might counteract weight loss (Schlesser et al.,
2008). Mice on a high fat/high sucrose diet had reduced Etv5

expression levels in the hypothalamic arcuate nucleus, which is
involved in food intake control (Boender et al., 2012). In contrast,
a diet with limited food resulted in a decrease of Etv5 expression
in the ventral tegmental area and substantia nigra, two nuclei also
involved in food intake control that are located in the ventral mid-
brain. Moreover, a recent study in Drosophila also showed a con-
nection between Ets96B, an ETV5 homologue, with obesity and
bipolar disorders (Williams et al., 2016).

In this context, we intended to gain insight to whether the etv5
homologous genes in zebrafish would correlate to the expression
of genes known to be involved in food intake control and metabo-
lism mechanisms. In zebrafish, two paralogous genes, etv5a and
etv5b (erm) have been described (Münchberg et al., 1999). Previous
studies have shown that zebrafish etv5b gene is expressed in the
periventricular hypothalamus (Topp et al., 2008), a region that con-
tains nuclei related to food intake control, and is considered orthol-
ogous to the arcuate nucleus (Zohar et al., 2010; Biran et al., 2015).
A recent study in zebrafish shows the role of etv5b in serotonergic
neuron development. This research showed that Fgf signaling acts
in the production of serotonin (5-HT) cells through Etv5b, acting on
5-HT progenitors prior to differentiation (Bosco et al., 2013).

In fish, as in mammals, 5-HT is synthesized in the raphe nucleus
of the hindbrain from which projections travel to a number of
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higher centres, including the hypothalamus (Hornung, 2003;
Lillesaar, 2011). The serotonergic system has been mostly analyzed
in relation to mental illnesses, but it shares many common
pathways with obesity that may account for the observed co-
morbidity of obesity and depression (Stunkard et al., 2003). Studies
that addressed the obesity-related role of serotonin found that it
has a potent anorexigenic effect following feeding in rodents (Xu
et al., 2012), with a significant increase in its release from the supe-
rior raphe nucleus (SRa) after a meal (De Fanti et al., 2001) and
activating Pomc neurons of the arcuate nucleus (Roepke et al.,
2012). Administration of fluoxetine, a common SSRI antidepressant
that inhibits re-uptake of serotonin at the synapse and subse-
quently increases extracellular serotonin levels in the brain, has
been shown to reduce feeding in rats (Currie et al., 2004; Myung
et al., 2005). Fenfluramine, another drug that activates the central
serotonin system causes significant weight loss in humans (Halford
et al., 2005). Conversely, manipulations that lower concentrations
of serotonin lead to diminished activation of the serotonergic sys-
tem, hyperphagia and increased body weight (Geyer et al., 1976;
Saller and Stricker, 1976). Dysregulation of the serotonergic system
is suggested in obesity, with genetically obese rats being shown to
have a hyper-excitable raphe nucleus, which leads to increased
serotonin levels in the hypothalamus after feeding (Ohliger-
Frerking et al., 2003).

Conclusive evidence that serotonin acts as a potential factor to
control appetite in teleost fish and that serotonin levels can be
experimentally modified using the SSRI fluoxetine has been
reported. In goldfish, fluoxetine treatments reduce food intake
and body weight (Mennigen et al., 2010) and this anorexigenic
effect, can be regulated through corticotropin-releasing factor
(CRH) (De Pedro et al., 2008). Similarly, fluoxetine treatments
cause decrease in food consumption in fathead minnows (Pime-
phales promelas) (Stanley et al., 2007), evidenced by slow capture
of preys (Weinberger and Klaper, 2014). Finally, in rainbow trout,
inhibition of food intake has been demonstrated to be induced
by serotonin through 5-HT2C and 5-HT1A receptors and to
increase the mRNA expression levels of three neuropeptides
related to the control of food intake; pro-opiomelanocortin
(POMC), cocaine and amphetamine-regulated transcript (CART)
and CRH (Pérez-Maceira et al., 2016).

In this study we aimed to determine whether the obesity-
association of ETV5 could relate to the serotonergic system by
attempting to establish a functional relationship between etv5a
and/or etv5b and serotonin in adult zebrafish. The utility of zebra-
fish as a model for the study of obesity has been established in
recent years due to the presence of analogous metabolic pathways
and structural components of the food intake system (Schlegel and
Stainier, 2007). Therefore, we aimed to investigate the effect of
fasting on hypothalamic etv5a/b expression in adult zebrafish. In
this experimental design we have also examined the effect of flu-
oxetine administration and have included the analysis of food
intake and serotonergic marker genes.

2. Experimental procedures

2.1. Animal housing

Adult wildtype (WT) zebrafish were housed in groups of !30 in
10 L tanks within a circulating water system, providing constant
oxygen and removal of waste. A light/dark cycle of 14 h light and
10 h dark was managed by an automated system (AquaSchwarz).
Optimal conditions were maintained at 28.5 "C water temperature,
pH 7.0, and conductivity 500 ls. All experimental protocols were
carried out with the approval of the University of Sydney Animal
Ethics Committee.

2.2. Three-week feeding experiment

Adult male WT zebrafish were randomly distributed into three
five-liter tanks located within the circulating water system. The
nutritional study was conducted at 28.5 "C water temperature for
a period of 3-weeks after a 1-week period of acclimation. The first
group, (n = 8) was fed ad libitum 3 times daily (Over-fed), the sec-
ond group (n = 8) was fed ad libitum once daily (Fed) and used as
the control group, and the last group (n = 8) was maintained under
food deprivation conditions with feeding once weekly per animal
ethics committee specifications (Fast). Zebrafish were weighed
weekly to determine weight loss during the experiment (Fig. 1A).
After 3-weeks of differential feeding all fish were sacrificed and
biometric information, standard length (cm), measured from tip
to the end of the body, and the body weight (g) were obtained.
The lengths of the fish were measured in the beginning and at
the end of the experiment while the body weight was defined
weekly throughout the study (Fig. 1A). Fish were anesthetized with
MS-222 (Sigma-Aldrich, St. Louis, MO, USA) and sacrificed by
decapitation. The brains were quickly removed under RNase-free
conditions, and the hypothalamus and hindbrain collected to be
frozen individually in liquid nitrogen and stored at "80 "C until
used.

2.3. Selective serotonin re-uptake inhibition in fasted fish through
fluoxetine treatment

Fluoxetine hydrochloride (F132, Sigma-Aldrich) was diluted in
nuclease-free water to a concentration of 100 lg/L. Acute treat-
ment was performed in accordance with previous established pro-
tocols, with 100 lg/L fluoxetine applied to system water for 3 h
before sacrifice (Lynn et al., 2007; Norton et al., 2011). Chronic
treatment was also previously established with the application of
100 lg/L fluoxetine for 2 weeks (Egan et al., 2009), but a recent
publication demonstrated a shorter effective treatment period of
one week (Wong et al., 2013), which was adopted here. Fluoxetine
has a half-life of 9 days in fish and 3 days in water containing fish
(Brooks et al., 2005; Gaworecki and Klaine, 2008; Paterson and
Metcalfe, 2008), therefore water was replaced every 2 days with
new system water and fresh fluoxetine in order to maintain a con-
stant concentration.

Adult male WT zebrafish were used for experimentation, with
control fish housed in identical conditions to treatment groups.
The fish were separated into 4 groups (n = 8) and habituated in
5 L tanks outside the system with constant aeration overnight.
Group I (Fed) were fed ad libitum twice daily, with water changed
in the morning and night to prevent ammonia build-up due to
waste. Group II (Fast) were fasted for 7 days, with water changed
every two days. Group III (Fast + Acute Fluoxetine) were fasted
for 7 days, with water changed every two days, and an acute dose
of 100 lg/L fluoxetine was administered for 3 h before sacrifice.
Group IV (Fast + Chronic Fluoxetine) were fasted for 7 days with
chronic exposure to 100 lg/L fluoxetine, with water changed and
fresh fluoxetine added every two days. At the end of the week all
fish were sacrificed, with immediate dissection of hypothalamus
to be frozen individually, as explained above (Fig. 1B).

2.4. RNA isolation and cDNA synthesis

Total RNA was isolated from each hypothalamus with TRIZOL
Reagent (Invitrogen, Carlsbad USA) and all RNA samples were trea-
ted with DNase I (Invitrogen, Carlsbad, CA, USA) to denature any
contaminating DNA present in the samples. RNA quantity follow-
ing DNase I treatment was assessed using a Nanodrop# ND-1000
spectrophotometer (Nanodrop# Technologies Inc, Wilmington,
DE, USA). Quality of RNA extraction was determined by analyzing
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the 260/280 ratio, and considering acceptable values of !1.9–2.0.
RNA integrity of random samples using Agilent 2100 Bioanalyzer
(Agilent) showed an RNA integrity numbers (RIN) >8. cDNA syn-
thesis was performed following the manufacturer’s instructions
using 500 ng of RNA with VILO cDNA synthesis kit (Invitrogen)
and first strand cDNA was directly used for PCR into a 10 ll reac-
tion volume.

2.5. Quantitative real-time PCR (qRT-PCR) to establish expression
levels in the zebrafish hypothalamus

Expression levels of genes in the hypothalamus of adult male
zebrafish were established by quantitative real-time PCR (qRT-
PCR) using cDNA preparations as template (n = 8). Specific primers
were designed to amplify fragments of the genes as shown in
Table 1. The qRT-PCR amplification reaction mixture contained
2 ll of diluted cDNA (1:20) (freshly synthesized from 500 ng of
RNA), 4 lM of each primer, and 10 l Express SYBR GreenER qPCR
Supermix Universal (Invitrogen) in a final volume of 10 ll. Thermal
cycling conditions comprised 95 "C for 10 min, 40 cycles at 95 "C
for 10 s, and 60 "C for 30 s. At the end of the PCR cycles, the qRT-
PCR products were analyzed using a dissociation curve step to con-
firm that only a single PCR product was amplified. NTC reactions
for every primer pair were also included on each reaction plate
to check for external DNA contamination. The amplification

efficiency (E) of each primer set/target gene was assessed as
E = 10 ("1/slope) as determined by linear regression of a series of
dilutions of the input RNA. The qRT-PCR reactions were loaded
with a liquid handler (Tecan robot Freedom EVO; Tecan Group
Ltd.) and performed in a LightCycler 480 instrument (Roche).

The data were analyzed using the comparative cycle threshold
(Ct) method (Bustin, 2000) (ddCT method) to calculate relative
changes in gene expression. Fold change (the relative quantifica-
tion, RQ) was calculated from the DDCt and normalized to the ref-
erence gene b-actin. The b-actin was tested for its ability to be used
as control gene in different hypothalamus and hinbrain cDNA sam-
ples. Determinations were carried out in technical triplicates for all
the genes analyzed. The RQ values for each sample were averaged
and the standard error of the mean (S.E.M.) was calculated, yield-
ing the average fold change of the target gene.

2.6. Statistical analyses

All data reported here are shown as mean ± standard error of
the mean (SEM). Statistical analysis was performed using SPSS
v22 software, with comparison of multiple groups determined by
one-way analysis of variance (ANOVA) with post-hoc Fisher’s least
significant difference (LSD) test. Normality and homoscedasticity
were tested with Shapiro-Wilk, Kolmogorov-Smirnov test. Data
that deviated from normality and homoscedasticity, were analysed

Week 0 Week 1 Week 2 Week 3
Acclimatisation

1

Fed (Control)

Fast
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2 53 4 6 7 108 9 11 12 13 14 15 16 17 18 19 20 21
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Fig. 1. Experimental Set Up for Physiological Experiments. A) 3 week feeding experiment with over-feeding (Over-fed), normally fed (Fed) and under food deprivation
conditions (Fast). Adult male WT zebrafish were acclimatised with normal feeding for 1 week prior to experimentation. ‘Over-fed’ (n = 8) were fed three times daily, ‘Fed’
(n = 8) were fed twice daily (control), and ‘Fast’ (n = 8) were fed once weekly, for three weeks. Weight measures were taken weekly at day 0, day 7, day 14, and day 21. B)
1 week with fasting and with fluoxetine experiment. Adult male WT zebrafish were acclimatised in 5 L tanks with normal feeding for 1 day prior to experimentation. ‘Fast’
(n = 8) were given no food for one week, ‘Fast Fluoxetine acute’ (FAFac) were given no food for one week and dosed with 100 lg/L fluoxetine in system water for 3 h prior to
sacrifice, and ‘Fast Fluoxetine chronic’ (FAFch) were given no food and were continuously dosed with 100 lg/L fluoxetine in system water for one week. ‘Fed’ (n = 8) were fed
twice daily and used as control of fasting effects. Both experiments were run in duplicates.
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using a nonparametric Kruskal-Wallis test. Where there were only
two groups to compare students T-test was used. Statistical signif-
icance was defined by p-value 60.05.

3. Results

3.1. etv5a and etv5b gene expression is increased in the hypothalamus
during fasting

Fasting over a period of 3 weeks resulted in significantly
decreased weight of fasted versus control fish (Fed) (p < 0.001),
while over-feeding resulted in significant weight gain (p < 0.001)
(Fig. 2). The weight differences were obvious between the ‘Fed’
and ‘Fast’ group after seven days (p < 0.001). qRT-PCR analysis of
gene expression levels in the hypothalamus of the fish showed a
significant up-regulation of both etv5a (p = 0.009) and etv5b
(p = 0.011) during fasting compared to the groups that were ‘Fed’
normally and ‘Over-fed’ (Fig. 3). To analyze a putative effect of
etv5a and etv5b expression in the hindbrain, mRNA expression
was also measured in this tissue. Transcripts of etv5a were not
detected and etv5bwas expressed only at low levels without differ-
ences between the ‘Fed’ and ‘Fast’ groups (Table 2). In addition,
expression levels of genes related to food intake control, npy and

pomca, were determined. In the hindbrain pomca expression was
not detected in any condition, whereas npy levels were basically
the same in normally fed and fasted fish (Table 2).

3.2. Increased etv5a and etv5b gene expression during fasting is
lowered by fluoxetine treatment

A link between the serotonergic system that regulates mood
and the neuronal circuits that regulate food intake exists, with high
serotonin levels corresponding to decreased eating and weight
loss. Our aim was to further investigate if up-regulated etv5a and
etv5b expression levels with fasting might be related to low sero-
tonin levels. Fluoxetine is a selective serotonin re-uptake inhibitor
(SSRI) that increases extracellular concentrations of serotonin
(5HT, hydroxytryptamine) by blocking its re-uptake through its
transporter at the synapse. This was used to increase serotonin
mediated signaling in the brain. Serotonin receptors were used as
markers to ensure that the changes observed were due to alter-
ation of the 5-HT pathway, while npy, cart1 and pomca were
included to demonstrate the downstream effects of serotonin on
hypothalamic food intake control genes. A one-week fasting assay
as established (Fig. 1B) was performed with normal fed fish serving
as experimental controls. 100 lg/l fluoxetine was applied to the

Table 1
Gene-specific primers used for qPCR.

Gene GenBank Acc. No. Primer sequence (50?30) Amplicon size (bp) Primer name References

etv5a NM_001126461 ACGGGACTTCTGCTTCGACT 144 etv5a-F1 This study
GGAACCACACAGGTGTCATC etv5a-R1

etv5b NM_131205 CAGATGCCTCCTACAGCACA 109 etv5b-F1 This study
GGGGGATAAGGTGTTTGACA etv5b-R1

npy BC162071 GACTCTCACAGAAGGGTATCC 104 npy-F1_qPCR Yokobori et al. (2012)
GGTTGATGTAGTGTCTTAGTGCTG npy-R1_qPCR

cart1 XM_680337 GCAGAGCAAACGGATCTCAC 95 cart1-F1_qPCR Drew et al. (2008)
TCCTCGATCCTTTCCTGATG cart1-R1_qPCR

pomca NM_181438 TCTTGGCTCTGGCTGTTC 179 pomca_F1_qPCR Zhang et al. (2012)
TCGGAGGGAGGCTGTAG pomca_R1_qPCR

htr1aa NM_001123321 ATGAGGATGAGCGGGATGTAG 130 htr1aa_F1_qPCR Shimada et al. (2012)
CAATCAGCCAGGACCACG htr1aa_R1_qPCR

htr1ab NM_001145766 CTGTGTCGCCTGCACTTTTC 135 htr1ab_F1_qPCR Shimada et al. (2012)
TGATCTCCAAAGACTCGCCG htr1ab_R1_qPCR

bactin AF057040 AGAGCTATGAGCTGCCTGACG 106 bactin-F1 Kitahashi et al. (2009)
CCGCAAGATTCCATACCCA bactin-R1

W
ei

gh
t (

g)
 

a 

b 

c 

a 

b 

c 
b 

ns 
ns 

a 
a 

1-Week 

2-Weeks 

3-Weeks 

acclimatisation 

0.800 

0.750 

0.700 

0.650 

0.600 

0.550 

0.500 

0.450 

0.400 

0.350 

Over-fed 

Fed 

 tsaF

Fig. 2. Mean weights after 3 weeks feeding protocol in adult male zebrafish. Error bars represent SEM. Significance is defined by p 60.05. Significant differences between
letters.
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fasting fish either acutely, for 3 h before sacrifice, or chronically for
the whole week, to determine both immediate and long-term
effects of increased serotonin levels on gene expression in the
hypothalamus (Fig. 1B). Consistent with observations from previ-
ous studies, fish chronically exposed to fluoxetine spent more time
in the top of the tank than their control counterparts, suggesting
that the dosage applied was appropriate to exert an anxiolytic
effect (Wong et al., 2013).

Two serotonin receptor genes, htr1aa and htr1ab, were used to
establish the effect of fluoxetine application in fasted fish (Fig. 4),
with low serotonin levels resulting in a compensatory increase in
the synthesis of these receptors (Diaz et al., 2012). Serotonin recep-
tor gene htr1aa was significantly up-regulated in fasted fish
(p = 0.038) indicating that serotonin levels were lower during fast-
ing. Acute and chronic application of fluoxetine in fasted fish
resulted in significantly lowered expression levels compared to
fasted fish without fluoxetine treatment normalizing levels compa-
rable to the control group. Similarly, htr1ab was significantly up-
regulated during fasting (p = 0.043) and the acute application of

fluoxetine lowered expression levels of the gene compared to
fasted fish without treatment (p < 0.001). No statistically signifi-
cant differences were observed in the chronic treatment compared
to fasting. In conclusion, as indicated by serotonin receptor expres-
sion, the application of fluoxetine increased the serotonin levels in
the fasting fish.

Consequently the expression levels of genes involved in the
control of food intake were altered (Fig. 5). Cart1 had significantly
increased expression in fasted fish (p = 0.006). Increased serotonin
levels through acute and chronic application of fluoxetine resulted
in significantly lowered expression (p < 0.001). The expression of
npy, did not change in response to fasting, while an acute dose of
fluoxetine in the fasted fish caused a significant down-regulation
(p = 0.003). In contrast to cart1, chronic fluoxetine application in
the fasted fish did not affect npy expression. Pomca, was found to
have slightly lowered expression in fasted fish, but this did not
reach statistical significance. Acute administration of fluoxetine
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Fig. 3. Physiological analysis of hypothalamic etv5a and etv5b during fasting. qRT-
PCR expression analysis of etv5a and etv5b revealed an up-regulation in the
zebrafish hypothalamus during 3 weeks fasting. Data shown are representative of
two independent experiments. Values in the graphs are the mean ± SEM of the fold
change over control group (Over-Fed), with controls being set as 1. Significance is
defined by p 60.05. Significant difference between letters.

Table 2
Hindbrain RNA levels of target genes normalized to b-actin levels in male zebrafish fasted for 3-weeks. Values reported as mean ± S.E.M (n = 4). Statistically significant differences
after the Student’s t-test were used (p values <0.05). nd: not-detected.

Gene of interest Fed (Control group) Fast Expression p-value

etv5a nd nd
etv5b 0.0369 ± 0.0154 0.0516 ± 0.0309 No difference 0.6784
Food intake markers
npy 0.0066 ± 0.0019 0.0086 ± 0.0034 No difference 0.6647
pomca nd nd
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Fig. 4. Expression levels of serotoninergic marker genes following 1 week of fasting
with acute (given on last day) and chronic (given for seven days) Fluoxetine
treatment. Abbreviations: FAFac, ‘Fast Fluoxetine acute’; FAFch, ‘Fast Fluoxetine
chronic’. Data shown are representative of two independent experiments. Values in
the graphs are the mean ± SEM of the fold change over control group (Fed), with
controls being set as 1. Significance is defined by p 60.05. Statistically significance
difference between letters.

A.S. Mechaly et al. / General and Comparative Endocrinology xxx (2017) xxx–xxx 5

Please cite this article in press as: Mechaly, A.S., et al. Activity of etv5a and etv5b genes in the hypothalamus of fasted zebrafish is influenced by serotonin.
Gen. Comp. Endocrinol. (2017), http://dx.doi.org/10.1016/j.ygcen.2016.12.013



resulted in a further decrease in pomca expression levels, but again
statistical significance could not be established (Fig. 5). Overall,
cart1, npy and pomca had decreased expression when serotonin
levels were acutely increased in fasted fish. In contrast the applica-
tion of chronic fluoxetine did not seem to have an effect. Assess-
ment of serotonin receptor expression with chronic application
of fluoxetine demonstrated that despite a slight decrease in sero-
tonin levels with repeated exposure, serotonin levels remained at
a significantly increased level when compared to non-treated fast-
ing fish. This suggests that the lack of effect of chronic fluoxetine
treatment is not due to habituation, but rather another unknown
mechanism outside of the scope of this experiment to examine.

Fluoxetine treatment altered the expression of etv5a and etv5b
in fasted fish. A significant up-regulation of etv5a (p = 0.021) and
etv5b (p = 0.042) compared to the control group was observed in
the hypothalamus (consistent with previous results shown in
Fig. 3), The increased expression of etv5a was maintained with
acute application of fluoxetine (Fig. 6). In contrast, chronic

application of fluoxetine resulted in significantly lowered expres-
sion levels of etv5a (p = 0.045). Expression levels of etv5b
responded similarly but no significant expression difference could
be established between fast and acute and chronic fluoxetine treat-
ments (Fig. 6). The changes of etv5a and etv5b expression levels in
the hypothalamus with chronic fluoxetine application in fasting
fish suggests that the fasting-function of both genes may be regu-
lated through serotonin pathways.

4. Discussion

Results of fasting experiments herein show a previously unre-
ported correlation of etv5a and etv5b in the hypothalamus during
food restriction conditions in zebrafish. Etv5 has previously been
analyzed in overfeeding paradigms, with results demonstrating a
down-regulation during high fat diet in rats (Gutierrez-Aguilar
et al., 2012) and replication of this down-regulation in the arcuate
nucleus and ventromedial nucleus, two specific hypothalamic sub-
populations related to food intake control (Boender et al., 2012).

The increase of hypothalamic etv5a and etv5b in fasting adult
fish points to a role of the genes in central pathways of food intake,
although it does not identify how these may be involved. High
expression levels during fasting, complimented by low levels dur-
ing satiety, may point to a food intake stimulating function. The
attenuation of etv5a and etv5b up-regulation during fasting
through application of the serotonin re-uptake inhibitor fluoxetine,
implicates serotonin as a modulatory partner for etv5 genes in the
hypothalamus. A link between etv5b and serotonin during zebra-
fish development had been established recently, with etv5b being
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Fig. 5. Expression levels of food intake control markers. Experimental details and
abbreviations same as in Fig. 4. Data shown are representative of two independent
experiments. Values in the graphs are the mean ± SEM of the fold change over
control group (Fed), with controls being set as 1. Significance is defined by p 60.05.
Statistically significance difference between letters.
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shown to be crucial for the development of 5-HT neurons in the
hypothalamus (Bosco et al., 2013). The responsiveness of etv5a
and etv5b to increased serotonin levels in the adult zebrafish,
demonstrates for the first time a physiological connection between
etv5 genes and serotonin.

Our analysis of food intake pathway markers supports the role
of serotonin in the inhibition of normal orexigenic responses dur-
ing fasting. Npy, is an appetite stimulating peptide and has previ-
ously been shown to be up-regulated during fasting (Wong et al.,
2013) and to induce food intake in zebrafish (Yokobori et al.,
2012). However, in rainbow trout (Oncorhynchus mykiss) npy
expression did not vary in the hypothalamus under central sero-
tonin administration (Mancebo et al., 2013). Our results did not
reveal an up-regulation of the npy in fasted fish, however a drastic
down-regulation with acute fluoxetine indicates a direct inverse
correlation between serotonin and npy. Although not statistically
significant, pomca was found to be slightly down-regulated during
fasting, which is in accordance with its appetite inhibiting func-
tion. Acute application of fluoxetine lowered pomca expression
levels further and it may suggest that abundant serotonin made
pomca functions redundant. However, since pomca levels are low-
ered below levels in normally fed fish it looks like pomca would be
actively reduced and there might be a negative feedback loop or
similar mechanism behind this. Chronic fluoxetine treatment did
not have an obvious effect on npy and pomca levels, and it may
be suggested that serotonin levels were not sufficiently elevated
to observe an effect on these genes. Increased expression of cart1
in fasted fish and lowered expression levels with acute fluoxetine
administration mimicked the expression profile of npy, although
this has an opposite, appetite stimulating effect. This may be
explained by cart1 functioning in the hedonic as opposed to home-
ostatic systems, wherein it acts as in the reward and reinforcement
pathways that dictate desire or ‘wanting’ of food. Cart1 reinforces
‘wanting’ during fasting states (Jaworski and Jones, 2006;
Vicentic and Jones, 2007), which corresponds to its up-regulation
in fasting fish. With high serotonin levels signaling wellbeing and
satisfaction, application of fluoxetine would be anticipated to
decrease cart1 dependent activation of the mesolimbic reward sys-
tem, leading to less ‘wanting’ of food. Therefore we can interpret
the decrease of cart1 expression as an effect of serotonin on the
‘wanting’ system. Recently CART has been suggested to be a natu-
ral antidepressant associated with serotonin in humans (Job et al.,
2011). In this role CART responds to low serotonin levels character-
istic of depression and acts directly on the raphe nucleus to stim-
ulate serotonin release. Subsequently pharmacologically
increased serotonin levels that lead to down-regulation of cart1
as shown here, suggest a bi-directional relationship between cart
and serotonin. Overall, it is complex to dissect how fluoxetine
influences the multiple pathways in which it is implicated in tele-
ost fish. In addition to that already discussed, recent studies have
highlighted its ability to influence lipid and amino acid metabolic
synthesis (Wong et al., 2013) and this is another potential pathway
beyond the scope of this research to examine. Furthermore, while
there are several similarities between the food intake control sys-
tem, brain regions, and serotoninergic mechanisms involved
between teleost fish and mammals, conclusions applying to
humans must be made with caution.

Changes to the expression levels of etv5a and etv5b suggest an
association with the serotoninergic pathway and its role in both
homeostatic and hedonic control of food intake pathways. Sero-
tonin could inhibit the normal induction of appetite stimulating
outputs from the hypothalamus, but may also result in less
dopaminergic output resulting in less motivation to seek food.
However, since serotonin acts in the hypothalamus through speci-
fic receptors, we cannot discard modulation of others physiological
processes like growth, reproduction, stress and others (Mennigen

et al., 2011). Our results suggest that etv5 may be a mediator in
both or either of these pathways during conditions of fasting. SNP’s
that up-regulate ETV5 may account for its association with obesity
via mechanisms seen within this research, whereby increased
expression may lead to over-eating (homeostatic) or increased
‘wanting’ (hedonic) responses in those individuals despite the
absence of fasting, giving a predisposition to obesity. Alternatively,
genetic pre-disposition to lowered serotonin levels may also be a
factor, as there is less inhibition or modulation of ETV5 leading
to over-activation of both hypothalamic and mesolimbic pathways
leading to increased ‘wanting’ and decreased signaling of satiety.

Funding information

This study was funded by a project grant by the National Health
and Medical Research Council (NHMRC) to SR with grant ID
APP1010713.

Disclosure statement

The authors have nothing to disclose.

Acknowledgments

The authors would like to thank David Maley for excellent fish
care. Gene expression analysis was performed at the Molecular
Biology Facility of the Bosch Institute of the University of Sydney.
The assistance of Dr. Sheng Hua and Dr. Donna Lai, of the Bosch
Institute, is gratefully acknowledged. This work was funded with
help of the National Health and Medical Research Council
(NHMRC) by a Project Grant APP1010713 to SR.

References

Biran, J., Tahor, M., Wircer, E., Levkowitz, G., 2015. Role of developmental factors in
hypothalamic function. Front. Neuroanat. 9, 47.

Boender, A.J., van Rozen, A.J., Adan, R.A., 2012. Nutritional state affects the
expression of the obesity-associated genes Etv5, Faim2, Fto, and Negr1.
Obesity 20, 2420–2425.

Bosco, A., Bureau, C., Affaticati, P., Gaspar, P., Bally-Cuif, L., Lillesaar, C., 2013.
Development of hypothalamic serotoninergic neurons requires Fgf signalling
via the ETS-domain transcription factor Etv5b. Development 140, 372–384.

Brooks, B.W., Chambliss, C.K., Stanley, J.K., Ramirez, A., Banks, K.E., Johnson, R.D.,
Lewis, R.J., 2005. Determination of select antidepressants in fish from an
effluent-dominated stream. Environ. Toxicol. Chem. 24, 464–469.

Bustin, S.A., 2000. Absolute quantification of mRNA using real-time reverse
transcription polymerase chain reaction assays. J. Mol. Endocrinol. 25, 169–193.

Currie, P.J., Braver, M., Mirza, A., Sricharoon, K., 2004. Sex differences in the reversal
of fluoxetine-induced anorexia following raphe injections of 8-OH-DPAT.
Psychopharmacology 172, 359–364.

De Fanti, B.A., Hamilton, J.S., Horwitz, B.A., 2001. Meal-induced changes in
extracellular 5-HT in medial hypothalamus of lean (Fa/Fa) and obese (fa/fa)
Zucker rats. Brain Res. 902, 164–170.

De Pedro, N., Martinez-Alvarez, R.M., Delgado, M.J., 2008. Melatonin reduces body
weight in goldfish (Carassius auratus): effects on metabolic resources and some
feeding regulators. J. Pineal. Res. 45, 32–39.

Diaz, S.L., Doly, S., Narboux-Neme, N., Fernandez, S., Mazot, P., Banas, S.M.,
Boutourlinsky, K., Moutkine, I., Belmer, A., Roumier, A., et al., 2012. 5-HT2B
receptors are required for serotonin-selective antidepressant actions. Mol.
Psychiatry 17, 154–163.

Drew, R.E., Rodnick, K.J., Settles, M., Wacyk, J., Churchill, E., Powell, M.S., Hardy, R.
W., Murdoch, G.K., Hill, R.A., Robison, B.D., 2008. Effect of starvation on
transcriptomes of brain and liver in adult female zebrafish (Danio rerio). Physiol.
Genomics 35, 283–295.

Dorajoo, R., Blakemore, A.I., Sim, X., Ong, R.T., Ng, D.P., Seielstad, M., Wong, T.Y., Saw,
S.M., Froguel, P., Liu, J., et al., 2012. Replication of 13 obesity loci among
Singaporean Chinese, Malay and Asian-Indian populations. Int. J. Obes. (Lond)
36, 159–163.

Egan, R.J., Bergner, C.L., Hart, P.C., Cachat, J.M., Canavello, P.R., Elegante, M.F.,
Elkhayat, S.I., Bartels, B.K., Tien, A.K., Tien, D.H., et al., 2009. Understanding
behavioral and physiological phenotypes of stress and anxiety in zebrafish.
Behav. Brain Res. 205, 38–44.

Elks, C.E., Loos, R.J., Sharp, S.J., Langenberg, C., Ring, S.M., Timpson, N.J., Ness, A.R.,
Davey, , Smith, G., Dunger, D.B., Wareham, N.J., et al., 2010. Genetic markers of

A.S. Mechaly et al. / General and Comparative Endocrinology xxx (2017) xxx–xxx 7

Please cite this article in press as: Mechaly, A.S., et al. Activity of etv5a and etv5b genes in the hypothalamus of fasted zebrafish is influenced by serotonin.
Gen. Comp. Endocrinol. (2017), http://dx.doi.org/10.1016/j.ygcen.2016.12.013



adult obesity risk are associated with greater early infancy weight gain and
growth. PLoS Med. 7, e1000284.

Gaworecki, K.M., Klaine, S.J., 2008. Behavioral and biochemical responses of hybrid
striped bass during and after fluoxetine exposure. Aquat. Toxicol. 88, 207–213.

Geyer, M.A., Puerto, A., Menkes, D.B., Segal, D.S., Mandell, A.J., 1976. Behavioral
studies following lesions of the mesolimbic and mesostriatal serotonergic
pathways. Brain Res. 106, 257–269.

Graff, M., Fernandez-Rhodes, L., Liu, S., Carlson, C., Wassertheil-Smoller, S.,
Neuhouser, M., Reiner, A., Kooperberg, C., Rampersaud, E., Manson, J.E., et al.,
2013. Generalization of adiposity genetic loci to US Hispanic women. Nutr.
Diabetes 3, e85.

Gong, J., Schumacher, F., Lim, U., Hindorff, Lucia, A., Haessler, J., Buyske, S., Carlson,
Christopher, S., Rosse, S., Boková, P., Fornage, M., et al., 2013. Fine mapping and
identification of BMI loci in African americans. Am. J. Hum. Genet. 93, 661–671.

Gutierrez-Aguilar, R., Kim, D.H., Woods, S.C., Seeley, R.J., 2012. Expression of new
loci associated with obesity in diet-induced obese rats: from genetics to
physiology. Obesity (Silver Spring) 20, 306–312.

Halford, J.C., Harrold, J.A., Lawton, C.L., Blundell, J.E., 2005. Serotonin (5-HT) drugs:
effects on appetite expression and use for the treatment of obesity. Curr. Drug
Targets 6, 201–213.

Hornung, J.P., 2003. The human raphe nuclei and the serotonergic system. J. Chem.
Neuroanat. 26, 331–343.

Jaworski, J.N., Jones, D.C., 2006. The role of CART in the reward/reinforcing
properties of psychostimulants. Peptides 27, 1993–2004.

Job, M.O., McNamara, I.M., Kuhar, M.J., 2011. CART peptides regulate
psychostimulants and may be endogenous antidepressants. Curr.
neuropharmacol. 9, 12–16.

Kitahashi, T., Ogawa, S., Parhar, I.S., 2009. Cloning and expression of kiss2 in the
zebrafish and medaka. Endocrinology 150, 821–831.

Krejci, P., Prochazkova, J., Bryja, V., Kozubik, A., Wilcox, W.R., 2009. Molecular
pathology of the fibroblast growth factor family. Hum. Mutat. 30, 1245–1255.

Lillesaar, C., 2011. The serotonergic system in fish. J. Chem. Neuroanat. 41, 294–308.
Lynn, S.E., Egar, J.M., Walker, B.G., Sperry, T.S., Ramenofsky, M., 2007. Fish on Prozac:

a simple, noninvasive physiology laboratory investigating the mechanisms of
aggressive behavior in Betta splendens. Adv. Physiol. Educ. 31, 358–363.

Mancebo, M.J., Ceballos, F.C., Pérez-Maceira, J., Aldegunde, M., 2013. Hypothalamic
neuropeptide Y (NPY) gene expression is not affected by central serotonin in the
rainbow trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. A Mol. Integre.
Physiol. 166, 186–190.

Mennigen, J.A., Sassine, J., Trudeau, V.L., Moon, T.W., 2010. Waterborne fluoxetine
disrupts feeding and energy metabolism in the goldfish Carassius auratus.
Aquat. Toxicol. 100, 128–137.

Mennigen, J.A., Stroud, P., Zamora, J.M., Moon, T.W., Trudeau, V.L., 2011.
Pharmaceuticals as neuroendocrine disruptors: lessons learned from fish on
prozac. J Toxicol. Environ. Health 14, 387–412.

Münchberg, S.R., Ober, E.A., Steinbeisser, H., 1999. Expression of the Ets
transcription factors erm and pea3 in early zebrafish development. Mech.
Dev. 88, 233–236.

Myung, C.S., Kim, B.T., Choi, S.H., Song, G.Y., Lee, S.Y., Jahng, J.W., 2005. Role of
neuropeptide Y and proopiomelanocortin in fluoxetine-induced anorexia. Arch.
Pharm. Res. 28, 716–721.

Norton, W.H., Stumpenhorst, K., Faus-Kessler, T., Folchert, A., Rohner, N., Harris, M.
P., Callebert, J., Bally-Cuif, L., 2011. Modulation of Fgfr1a signaling in zebrafish
reveals a genetic basis for the aggression-boldness syndrome. J. Neurosci. 31,
13796–13807.

Ohliger-Frerking, P., Horwitz, B.A., Horowitz, J.M., 2003. Serotonergic dorsal raphe
neurons from obese zucker rats are hyperexcitable. Neuroscience 120, 627–634.

Paterson, G., Metcalfe, C.D., 2008. Uptake and depuration of the anti-depressant
fluoxetine by the Japanese medaka (Oryzias latipes). Chemosphere 74, 125–130.

Pérez-Maceira, J.J., Otero-Rodiño, C., Mancebo, M.J., Soengas, J.L., Aldegunde, M.,
2016. Food intake inhibition in rainbow trout induced by activation of serotonin
5-HT2C receptors is associated with increases in POMC, CART and CRF mRNA
abundance in hypothalamus. J. Comp. Physiol. B 186, 313.

Roepke, T.A., Smith, A.W., Ronnekleiv, O.K., Kelly, M.J., 2012. Serotonin 5-HT2C
receptor-mediated inhibition of the M-current in hypothalamic POMC neurons.
Am. J. Physiol. Endocrinol. MeTable 302, 1399–1406.

Sandholt, C.H., Sparso, T., Grarup, N., Albrechtsen, A., Almind, K., Hansen, L., Toft, U.,
Jorgensen, T., Hansen, T., Pedersen, O., 2010. Combined analyses of 20 common
obesity susceptibility variants. Diabetes 59, 1667–1673.

Saller, C.F., Stricker, E.M., 1976. Hyperphagia and increased growth in rats after
intraventricular injection of 5,7-dihydroxytryptamine. Science 192, 385–387.

Schlegel, A., Stainier, D.Y., 2007. Lessons from ‘‘lower” organisms: what worms, flies,
and zebrafish can teach us about human energy metabolism. PLoS Genet. 3,
e199.

Schlesser, H.N., Simon, L., Hofmann, M.C., Murphy, K.M., Murphy, T., Hess, R.A.,
Cooke, P.S., 2008. Effects of ETV5 (ets variant gene 5) on testis and body growth,
time course of spermatogonial stem cell loss, and fertility in mice. Biol. Rep. 78,
483–489.

Shimada, Y., Hirano, M., Nishimura, Y., Tanaka, T., 2012. A high-throughput
fluorescence-based assay system for appetite-regulating gene and drug
screening. PLoS One 7, e52549.

Stanley, J.K., Ramirez, A.J., Chambliss, C.K., Brooks, B.W., 2007. Enantiospecific
sublethal effects of the antidepressant fluoxetine to a model aquatic vertebrate
and invertebrate. Chemosphere 69, 9–16.

Stunkard, A.J., Faith, M.S., Allison, K.C., 2003. Depression and obesity. Biol.
Psychiatry 54, 330–337.

Thorleifsson, G., Walters, G.B., Gudbjartsson, D.F., Steinthorsdottir, V., Sulem, P.,
Helgadottir, A., Styrkarsdottir, U., Gretarsdottir, S., Thorlacius, S., Jonsdottir, I.,
et al., 2009. Genome-wide association yields new sequence variants at seven
loci that associate with measures of obesity. Nat. Genet. 41, 18–24.

Topp, S., Stigloher, C., Komisarczuk, A.Z., Adolf, B., Becker, T.S., Bally-Cuif, L., 2008.
Fgf signaling in the zebrafish adult brain: association of Fgf activity with
ventricular zones but not cell proliferation. J. Comp. Neurol. 510, 422–439.

Vicentic, A., Jones, D.C., 2007. The CART (cocaine- and amphetamine-regulated
transcript) system in appetite and drug addiction. J. Pharmacol. Exp. Ther. 320,
499–506.

Weinberger, J., Klaper, R., 2014. Environmental concentrations of the selective
serotonin reuptake inhibitor fluoxetine impact specific behaviors involved in
reproduction, feeding and predator avoidance in the fish Pimephales promelas
(fathead minnow) Aquat. Toxicology 151, 77–83.

Williams, M.J., Klockars, A., Eriksson, A., Voisin, S., Dnyansagar, R., Wiemerslage, L.,
et al., 2016. The Drosophila ETV5 Homologue Ets96B: Molecular Link between
obesity and bipolar disorder. PLoS Genet. 12, (6) e1006104.

Wong, R.Y., Oxendine, S.E., Godwin, J., 2013. Behavioral and neurogenomic
transcriptome changes in wild-derived zebrafish with fluoxetine treatment.
BMC Genomics 14, 348.

Xu, Y., Elmquist, J.K., Fukuda, M., 2012. Central nervous control of energy and
glucose balance: focus on the central melanocortin system. Ann. N. Y. Acad. Sci.
1243, 1–14.

Yokobori, E., Azuma, M., Nishiguchi, R., Kang, K.S., Kamijo, M., Uchiyama, M.,
Matsuda, K., 2012. Neuropeptide Y stimulates food intake in the Zebrafish,
Danio rerio. J. Neuroendocrinol. 24, 766–773.

Zhang, C., Forlano, P.M., Cone, R.D., 2012. AgRP and POMC neurons are
hypophysiotropic and coordinately regulate multiple endocrine axes in a
larval teleost. Cell MeTable 15, 256–264.

Zohar, Y., Muñoz-Cueto, J.A., Elizur, A., Kah, O., 2010. Neuroendocrinology of
reproduction in teleost fish. Gen. Comp. Endocrinol. 165, 438–455.

8 A.S. Mechaly et al. / General and Comparative Endocrinology xxx (2017) xxx–xxx

Please cite this article in press as: Mechaly, A.S., et al. Activity of etv5a and etv5b genes in the hypothalamus of fasted zebrafish is influenced by serotonin.
Gen. Comp. Endocrinol. (2017), http://dx.doi.org/10.1016/j.ygcen.2016.12.013


