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The impact of thermal imprinting on the plasticity of the hypothalamic—pituitary-

interrenal (HPI) axis and stress response in an adult ectotherm, the gilthead sea bream Key Words
(Sparus aurata, L.), during its development was assessed. Fish were reared under 4 > confinement
thermal regimes, and the resulting adults exposed to acute confinement stress and > HPIaxis
plasma cortisol levels and genes of the HPI axis were monitored. Changes in immune > melanomacrophage
function, a common result of stress, were also evaluated using histomorphometric S cTnt:r_st

plasticity

measurements of melanomacrophages centers (MMCs) in the head kidney and by
monitoring macrophage-related transcripts. Thermal history significantly modified the

» thermal imprinting

HPI responsiveness in adult sea bream when eggs and larvae were reared at a higher
than optimal temperature (HT, 22°C), and they had a reduced amplitude in their cortisol
response and significantly upregulated pituitary pomc and head kidney star transcripts.
Additionally, after an acute stress challenge, immune function was modified and the
head kidney of adult fish reared during development at high temperatures (HT and
LHT, 18-22°C) had a decreased number of MMCs and a significant downregulation of
dopachrome tautomerase. Thermal imprinting during development influenced adult
sea bream physiology and increased plasma levels of glucose and sodium even in

the absence of an acute stress in fish reared under a high-low thermal regime (HLT,
22-18°C). Overall, the results demonstrate that temperature during early development

influences the adult HPI axis and immune function in a teleost fish.

Introduction

In mammals, the way in which pre-natal or post-natal
‘adverse challenges’ has an impact on the hypothalamic—
pituitary-adrenal (HPA) axis is extensively studied
and linked with dysfunction during adulthood and
associated pathologies (Fahmi et al. 2004, Breton 2013,
Devlin et al. 2013, Johnsen et al. 2013, Gonzalez-
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Bulnes et al. 2014). Early life exposure to stress induces
plasticity of the HPA axis and is associated with either
hyper-responsiveness to a stress challenge or hypo-
responsiveness characterized, respectively, by exaggerated
or attenuated levels of glucocorticoids (Elzinga et al. 2003,
Carpenter et al. 2007). Modifications in the HPA axis
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during childhood are proposed to provoke dysfunction
in adulthood due to epigenetic mechanisms that lead
to persistent changes in the expression of genes such as
the glucocorticoid receptor (GR), together with lifelong
alterations in DNA methylation and histone 3 lysine 9
(H3K9) acetylation (Zhang et al. 2010).

Despite differences in stress axis organization between
mammals and fish, the overall regulatory loop is conserved
and the hypothalamic—pituitary-interrenal (HPI) axis in
fish is the homologue of the HPA axis in mammals. Stress
in fish triggers the release of hypothalamic, corticotropin-
releasing hormone (CRH), which in turn stimulates the
synthesis of the prohormone proopiomelanocortin
(POMC) and release of adrenocorticotropic hormone
(ACTH) from the pituitary. In the adrenal gland or
interrenal tissue of the head kidney in fish, ACTH
regulates the production of cortisol by modulating the
rate-limiting enzyme, steroidogenic acute regulatory
protein (StAR). Cortisol exerts its effect by binding to the
GR in target cells and modifies a range of physiological
processes such as metabolism and immune function to
maintain allostasis (Wendelaar-Bonga 1997).

The ability of juvenile and adult fish to cope with a
stressor has been extensively studied, and cortisol levels
are generally fairly well correlated with the performance
of fish under acute or chronic stress (Wendelaar-Bonga
1997, Mommsen et al. 1999, Prunet et al. 2008, Aluru
& Vijayan 2009, Harper & Wolf 2009, Pankhurst 2011).
A notable feature of the stress response in fish is its
plasticity, and individuals of the same species can be
low- or high-cortisol responders (Barton 2002) and this
has led to the suggestion that genetic, developmental
and environmental factors determine an individual’s
stress response (Pottinger & Pickering 1997, Barton 2002,
Barton et al. 2005, Cnaani 2006). Surprisingly, little
attention has been given to understanding the potential
lifelong consequences on the stress axis of early gene-
environment interactions in teleost fish.

Temperature is a key regulator in ectotherms
that strongly influences development and may
have a long-term impact on phenotype or genotype
and influence adaptive evolution (Somero 2010,
Mozes et al. 2011). The developmental plasticity of
fish means that modifications in the thermal regime
during embryonic development can significantly
modify their developmental trajectory (Schaefer &
Ryan 2006). Skeletal deformities (Boglione & Costa
2011) and modifications in muscle fiber number and
growth (Johnston 2006, Garcia de la Serrana et al. 2012,
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Vieira et al. 2012b) are well-established examples of
phenotypic plasticity induced by thermal imprinting.

Exposure of early life stages of sea bass (Varsamos et al.
2006) and rainbow trout (Auperin & Geslin 2008) to
stress results in decreased cortisol production in juveniles
exposed to stress. Stress not only acts on the central
stress axis but also causes changes in the periphery to
re-establish homeostasis, and one well-recognized target
is the immune system (Dhabhar 2008). In fish, as in
other vertebrates, the majority of stress responses lead to
suppression of the immune response (Tort 2011). Stressful
conditions including parasitic infections in fish induce
modifications in the number, size and pigment content
of aggregates of macrophages, the melanomacrophage
centers (MMCs) of the piscine innate immune system
(Fournie et al. 2001, Agius & Roberts 2003, De Vico et al.
2008), and this is the predominant immune response
during early development (Tort et al. 2003).

The present study characterizes the developmental
plasticity of the stress axis to thermal imprinting in the
gilthead sea bream (Sparus aurata), a teleost with a well-
studied stress response (Arends et al. 1999, Montero et al.
1999, Rotllant et al. 2001, Barton et al. 2005, Calduch-
Giner et al. 2010). The hypothesis tested was that thermal
imprinting during development would modulate the
activity of the HPI axis and lead to a modified stress
response in adults. The response to acute confinement
stress of young adults that were exposed during
development to different thermal regimes was assessed
by determining the responsiveness of the HPI axis and
elements of the secondary stress response. The influence
of thermal history on immune responsiveness to stress at
the level of the head kidney, a prominent immune tissue
in fish (Whyte 2007) was also evaluated.

Materials and methods

Early life programming

All the procedures for manipulation of embryonic and
larval thermal regimes and rearing to juveniles as well as
the stress challenge experiments were performed at the
Institute for Aquaculture and Food Technology Research
(IRTA), St Carles de la Rapita, Spain, in a temperature-
controlled seawater recirculation system (IRTAmar). All
animal handling procedures were approved by the Ethics
and Animal Care Committee (4998-T9900002) and were
compliant with the guidelines of the European Union
Council (86/609/EU), Spanish and Catalan Governments
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legislation. No evidence of infection, modified behavior
or mortality was observed during the experiments.
Fertilized eggs of gilthead sea bream (fertilization
rate=92%) were maintained during embryogenesis at
18+0.5°C (low temperature (LT)) or 22+0.5°C (high
temperature (HT)) in duplicate tanks containing 110mL
of fertilized eggs per incubator (30L). Newly hatched
larvae were maintained under four different temperature
regimes (2 replicate tanks/group, Fig. 1/Supplementary
Fig. 1 and Supplementary Tables 1 and 2, see section
on supplementary data given at the end of this article):
18°C from egg incubation through hatching and up until
larvae-juvenile transition (LT), 22°C from egg incubation
through hatching and up until larvae-juvenile transition
(HT), 18°C from egg incubation up until hatching and

" A
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then 22°C until larvae-juvenile transition (LHT), and 22°C
from egg incubation up until hatching and then 18°C
up until larvae-juvenile transition (HLT). Fish from the
four temperature regimes were maintained in 2m3 tanks
connected to a recirculating sea water system (5-10%
water renewal per day; IR-TAmar) under the same constant
temperature regime of 22+ 1°C until they were 9 months
old. Fish from the four temperature regimes were fed 3%
body mass (m/m) with a commercial diet (OptiBream;
Skretting, Spain).

Confinement challenge and sampling

Duplicate tanks of fish from each thermal regime were
exposed to an acute confinement stress. Sea bream stocked
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Figure 1

post-stress

Schematic representation of the experimental setup. (A) Temperature program imposed to gilthead sea bream from egg fertilization to larvae-juvenile
transition. Four temperature treatments (thermal groups) were considered: 2 constant temperatures (18-18°C (LT) and 22-22°C (HT)) and 2 variable
temperatures between incubation phase and larval rearing (22-18°C (HLT) and 18-22°C (LHT)). When the fishes’ bodies were covered with scales
(larvae-juvenile transition), fish from all thermal groups were maintained at 22°C until the onset of the acute stress challenge by confinement (n=20/
tank; 2 replicate tanks per thermal history group). Details about differences in the development of fish from different thermal regimes and the time of
temperature change/group can be accessed in Supplementary Tables 1 and 2 and also in Supplementary Fig. 1B. Acute stress challenge by confinement
and the sampling regime. Adult sea bream (n=>5/replicate tank) stocked at 20kg/m3 were sampled prior to the application of an acute stress challenge
(0h). The remaining fish were exposed to an acute stress by reducing the level of water of each tank, which increased the density to 70 kg/m3. Fish were
exposed to confinement stress for 30 min before returning them to the initial stocking density (20kg/m3) and then sampled (n=5/replicate tank/sampling

time) at 1, 4 and 24 h after a stress challenge.
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Table 1 General physiological status of the gilthead sea
bream with different thermal histories.

Thermal history Weight (g) Length (cm)
LT (18-18°C) 155.7+20.2a 15.79+0.86*
HLT (22-18°C) 180.2+28.0b 16.20+0.96*
LHT (18-22°C) 227.1+30.3c 18.03+1.04b
HT (22-22°C) 201.1+20d 16.99+0.73c

Body weight (g) and standard length (cm) of fish from each thermal
regime (n=40). Data from all sampling times were pooled. Different
letters indicate statistical significant difference between thermal groups.
Data shown as mean +s.0.; One-way ANOVA; P<0.05.

at a density of 20kg/m3 (n=40/group, weight and length
are given in Table 1) were acclimated to the experimental
circuit for 1 week, which consisted of a recirculating sea
water system (IRTAmar) with eight 200L square fiberglass
tanks. Acclimating conditions were: 21+1°C, pH 7.5-8,
35-36% salinity, >80% oxygen saturation and 12-h
light/12-h darkness photoperiod. Fish were fed by hand
five times per day using a commercial diet (OptiBream,
Skretting) at a ration level of 3% body mass (m/m).
Fish (n=35/tank) were sampled before application of the
acute stress challenge (time 0). The remaining fish were
exposed to an acute stress by increasing their tank density
to 70kg/m?3 by lowering the water level for 30 min before
increasing the water volume to return them to the initial
stocking density. Fish were then sampled (n=5 per tank/
sampling time) at 1, 4 and 24 h after the stress challenge.
For sampling, fish were killed with an overdose (450 ppm)
of 2-phenoxyethanol (Sigma-Aldrich) and blotted dry
and blood was collected from the caudal vein using a
heparinized syringe, centrifuged at 7000g for 4min at
4°C and the plasma was stored at —80°C. The pituitary
was removed and collected into RNAlater (Sigma-Aldrich)
and stored at —80°C. The head kidney was dissected out
and half of it was placed in RNAlater and the remainder
was fixed in Bouin-Hollande for histomorphometric
measurements of MMCs in the head kidney.

Biochemical analysis

Plasma cortisol (ng/mL) was measured using a
radioimmunoassay as previously described (Rotllant et al.
2005). Glucose (mmol/L) and total calcium (mmol/L)
in plasma samples were measured with glucose
oxidase—peroxidase and o-Cresolphthalein colorimetric
commercial kits (Spinreact 1001190 and 1001061, Spain,
respectively). Total protein (mg/mL) was measured in
plasma using a commercial kit, Protein Assay Dye Reagent
Concentrate (#500-0006), a Quick Start BSA Standard
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Set  (#500-0207,
instructions

Bio-Rad), and the manufacturer’s

followed. Spectrophotometry of
colorimetric assays was performed in 96-well plates using
a plate reader (Benchmark, Bio-Rad). Osmolality (mmol/
kg) was determined using a vapor pressure osmometer
(Vapro Wescor 5520, Utah, USA), and sodium (mM) and
potassium (mM) concentrations were determined by
flame photometry (BWB Technologies, USA).

were

MMCs morphometric analysis

Head kidney fixed in Bouin-Hollande (n=3/tank/time
point) was dehydrated through a graded ethanol series
(70-100%) and embedded in low melting point paraffin
wax using a tissue processor (Leica TP1020, Leica). Serial
longitudinal sections (Spm) were cut using a rotary
microtome (Leica RM 2135) and mounted on glass
slides coated with 3-amino-propyltriethoxysilane (APES;
Sigma-Aldrich). One section per individual was stained
with hematoxylin and eosin to assess general histology,
and 3 slides containing 3 serial sections/slide with a gap
of 5 sections (25um) between consecutive slides were
stained with a combination of Alcian blue-Periodic Acid
Schiff (PAS)-Orange G. Stained sections were observed
using a microscope (Leica DM2000) equipped with a
digital camera (Leica DFC480) and 1 section per slide was
photographed.

The images obtained were analyzed using Fiji v1.47p
software (Schindelin et al. 2012). One field of 0.3 mm?2 per
PAS stained section (n=6/group/time point) was randomly
selected and semi-automatic analysis of MMCs was
carried out by setting a color threshold that highlighted
all dark pigment cells as red (Papadopulos et al. 2007).
The parameters analyzed were the number of MMCs with
an area superior to 0.001 mm?2 (larger MMCs with a well-
defined oval shape); number of MMCs with an area equal
or inferior to 0.001 mm? (smaller MMCs, poorly defined);
total number of MMCs and total area the MMCs occupied
in the defined area.

Analysis of gene expression by quantitative
real-time PCR (qPCR)

Total RNA from the pituitary was extracted using PureZOL
RNA Isolation Reagent (Bio-Rad), and total RNA from the
head kidney was extracted using a Maxwell 16 System
(Promega) following the manufacturer’s instructions.
The concentration and quality of the extracted RNA were
determined using NanoDrop 1000 spectrophotometer
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(Thermo Fisher Scientific). To eliminate contamination
of genomic DNA, total RNA (2-91g) was treated with
DNase using a DNA-free kit (Ambion). cDNA synthesis
was carried out in a 20pL reaction volume with 500ng
of DNase-treated RNA, 200ng of random hexamers
(Jena Biosciences, Germany), 100U of RevertAid reverse
transcriptase (Fermentas, Thermo Fisher Scientific), 8 U of
RiboLock RNase Inhibitor (Fermentas) and 0.5 mM dNTPs.
The reaction was incubated for 10min at 20°C followed
by 60min at 42°C, and the enzyme was inactivated by
heating for Smin at 72°C.

qPCR was used to analyze the mRNA expression of
candidate indicator genes of the central stress axis and
associated with MMC function before (0) and 4 and
24h after the acute stress challenge. To monitor how
stress modulates the activity of the pituitary gland, the
duplicate pomc genes (el and a2) and gr were measured,
and in the head kidney, star and gr transcripts were
measured. To assess MMC activity, expression of colony-
stimulating factor-1 receptor (csf1r) and Tyrosinase (fyr)
tamily members dct and tyr was quantified in the head
kidney. Since members of the tyrosinase gene family
are not described in sea bream, database mining and
phylogenetic analysis were performed to identify them
(Supplementary Fig. 2 and Supplementary Table 3).
Specific primers for each transcript (Table 2) were
designed using Primer Premier 5.0 software (Premier
Biosoft Int., CA, USA).

Reactions were performed in duplicate for a 15 pL final
volume containing 10ng of cDNA (25ng for dct and tyr

Table 2 Primers used for quantitative RT-PCR expression analysis.

Gene Accession No. Sequence (5'-3')
pomcal HM584909 F: CTTGAAGAAACCAAATGAACATC

R: GAAACAGCCAATGAAGACCTAA
pomca2 HM584910 F: GCTCGTTAGCAGACCAAT

R: CAAAACACTCTCTCTTCATCTCT
gr DQ486890 F: CCATCACCTCTGCCGCATCTG

R: CTGGAGGAACTGCTGCTGAACC
star EF640987 F: ACATCGGGAAGGTGTTCAAG

R: TCTCTGCAGACACCTCATGG
csfir AMO050293 F: ACGTCTGGTCCTATGGCATC

R: AGTCTGGTTGGGACATCTGG
dct isotig44494*  F: GCTCTGATCCTGCCAACG

R: TCGTCAACATTTCTCAGCCT
rps18 AM490061 F: AGGGTGTTGGCAGACGTTAC

R: CTTCTGCCTGTTGAGGAACC
p-Actin X89920 F: CCCTGCCCCACGCCATCC

R: TCTCGGCTGTGGTGGTGAAGG
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mRNA expression analysis) and 300nM of specific primers
(Table 2) and EvaGreen (SsoFast EvaGreen supermix,
Bio-Rad Laboratories). The reaction was carried out in a
StepOnePlus qPCR thermocycler, and data were analyzed
with StepOne software v2.2 (Applied Biosystems). qPCR
cycling conditions were 30s at 95°C, 40 cycles of 5s at 95°C
and 10s at 60°C followed by a final melt curve between 60
and 95°C, which gave single product/dissociation curves
in all reactions.

Transcripts were quantified using the relative
standard curve method (Vieira et al. 2012a), generated
using serial dilutions of specific qPCR products for
each gene (obtained using the same species, tissues
and primers for qPCR analysis). All amplicons were
sequenced to confirm their identity. Control reactions
included a no-template control and a cDNA synthesis
control (reverse transcriptase omitted from the
reaction). Two candidate reference genes routinely
used for sea bream (rps18 and p-actin) were tested in
pituitary and head kidney samples. Rps18 did not vary
significantly in the pituitary samples and was used as
the reference gene. -Actin did not vary significantly in
the head kidney and was used as reference gene. Results
were calculated by dividing the detected copy number
of the target gene by the reference gene in each cDNA
sample and expressed as Log2 Fold Change. Results were
calculated relative to the LT group at time 0, which was
the group reared during the egg and larval stages using
the standard temperature regime used for gilthead sea
bream (Mozes et al. 2011).

Amplicon (bp) Ta (°Q) Efficiency (%) R?

162 60 101 0.988

76 62 91 0.999
195 64 92 0.994
177 62 108 0.999
129 62 104 0.997
112 60 98 0.995
164 60 91 0.997

94 60 86 0.996

Gene name, accession number, primer sequence, amplicon length (bp), primer annealing temperature (Ta, °C) and qPCR efficiency (%) and R? are

indicated for each primer pair (F=forward and R=reverse).

*Accessed in the database assembly for gilthead sea bream transcripts (Louro et al. 2016).
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Table 3 Variation of secondary response parameters in gilthead sea bream with different thermal histories.

Thermal

history Glucose (mmol/L) Potassium (mM) Sodium (mM)

Time (h) 0 1 4 24 0 1 4 24 0 1 4 24

LT 43+02a 42+04 4.1+0.6 4.0+05 3.2+02a 4.2+04 43+03a 47+04 176.4+2.5a 218.9+150 2258+83 233.1+6.7a
LHT 42+0.4a 43+0.3 3.9+03 4.1+0.7 3.4+0.2ab 4.1+04 42+03a 4.7+04 173.8+87a 223.5+52 226.7+9.2 231.3x13.1a
HT 43+0.2a 43+0.3 3.9+0.6 3.7+03 3.4+0.2ab 4.0+0.4 45+0.3ab 45+0.2 166.2+2.4b 218.7+4.5 219.4+2.9 230.1+7.2a
HLT 48+0.5b 43+04 42+05 4.1+0.7 3.6+03b 4.1+06 4.8+04b 4.4+0.2 199.6+6.8c 2144+47 228.8+13.7 2148+1.8b

Statistical analysis

All statistical analyses were performed with SPSS 22.0
software (SPSS, 2013). No significant differences were
detected between tank replicates, so all data of fish with
a given thermal history at each time point were pooled.
Two-way analysis of variance (ANOVA) was used to test
the significant differences between fish with different
thermal histories at different times after exposure to acute
stress. One-way ANOVA was then performed to identify
significant differences: (1) in the general physiological
status of groups before the application of the acute stress
challenge (time 0), (2) between different thermal history
groups at the same time point (intergroup comparison) and
(3) between the same thermal history group at different
time points (intra-group comparison). If significant
differences were detected, a Tukey’s multiple comparison
test was performed. Data were considered significantly
differentat P<0.05. Log10 transformation of data was used
whenever necessary to achieve either normal distribution
or equal variance assumptions, and data transformed for
analysis are indicated in the respective figure legends.
Data are presented as mean +standard error of the mean
(s..M.) unless otherwise stated.

Results

Characterization of the general physiological status of
experimental fish at time zero

The general physiological status of fish with different
thermal histories was assessed before the experimental
challenge by measuring body weight and standard length
(Table 1). One-way ANOVA revealed that fish from different
thermal regimes were significantly (P<0.001) different in
most of the biometric parameters assessed. No significant
differences in biometric parameters of experimental fish

were detected during the experiments (1, 4 and 24 h). Fish
from the LT group were significantly (P<0.001) lighter
(155.7+20.2g) and shorter (15.79+0.86cm) than LHT
and HT fish (Table 1).

Basal plasma glucose concentrations were influenced
by thermal imprinting (P=0.025), and before the start
of the experimental challenge, the HLT group exhibited
significantly (P<0.05) higher glucose concentrations
than the other groups. Thermal imprinting also
influenced plasma potassium, sodium and total protein
concentrations (Table 3). Early thermal regimes did not
significantly modify the plasma osmolality or calcium
concentration in adult fish (Table 3).

Before the onset of the acute stress challenge, no
significant differences were detected in plasma cortisol
levels between different groups and cortisol varied
from 5.35+1.92ng/mL (LHT) to 18.40+7.89ng/mL
(HLT, Fig. 2). In the pituitary, expression of pomca2 was
significantly upregulated (P=0.04) in the HLT relative to
the LHT group at time O, but thermal history did not have
an impact on pomcal transcript abundance. Similarly, star
transcripts in the head kidney were significantly (P <0.05)
upregulated in the HT relative to the LT group. Gr
transcripts in the head kidney and pituitary of sea bream
with different thermal histories were not significantly
different at time O.

Thermal history had no significant impact on the
histology (Fig. 3) or transcript abundance of dct and csf1r
in the head kidney (Fig. 4).

Characterization of the fish physiological response to
the acute stress challenge

Plasma cortisol Plasma cortisol levels were
significantly affected (P<0.001, Two-way ANOVA) after
acute stress (Fig. 2). Thermal history did not significantly
modify the amplitude of the cortisol response in any of

http://joe.endocrinology-journals.org
DOI: 10.1530/JOE-16-0610

© 2017 Society for Endocrinology
Printed in Great Britain

Published by Bioscientifica Ltd.

Downloaded from Bioscientifica.com at 04/17/2020 09:40:50AM
via free access


http://dx.doi.org/10.1530/JOE-16-0610

233:3 387

Research

Osm (mmol/kg) Protein (mg/mL) Calcium (mmol/L)

0 1 4 24 0 1 4 24 0 1 4 24

267.0+7.0 347.6+8.7 347.9+6.5a 350.8+9.0ab 21.8+1.0a 21.9+2.6 22.0+14 236+2.2ab 3.3+0.1 3.3+0.1a 3.1+0.1a 3.3+0.1
262.6+7.5 344.6+5.2 342.0+£5.2ab 358.6+58a 21.6+2.1a 21.7+1.6 20.1+£2.7 249+18a 3.4+0.1 3.2+0.1a 3.2+0.1ab 3.3+£0.2
270.1+£10.6 340.2+5.8 339.0+5.5b 355.6+8.7ab 24.3+22b 21.3+28 20.5+2.7 23.7+2.1ab 3.5+0.3 2.9+0.1b 3.1+0.1a 3.3+0.1
268.9+6.7 343.6+5.0 347.3+5.8a 346.4+7.5b 21.9+24ab 21.3+2.1 21.0+1.8 21.6+1.6b 35+03 3.1+0.2a 3.3+0.2b 3.4+04

Glucose, potassium, sodium, electrolyte-water balance (osmolality), total protein and total calcium of plasma were measured prior (time 0) and after
acute stress confinement (1, 4 and 24 h) in the different thermal regimes groups (LT (18-18°C); LHT (18-22°C); HT (22-22°C); HLT (22-18°()). Statistical
differences between the groups are indicated by different letters of the same sampling time. Data is shown as mean+s.0. (n=10 individuals per group

per sampling time); Two-way ANOVA; P<0.05.

HLT, high-low temperature regime; HT, high temperature regime; LHT, low-high temperature regime; LT, low temperature regime.

the experimental groups at any of the time points post
stress (intergroup comparison). Intra-group analysis
revealed that a short-term hormonal response was
observed in all groups irrespective of thermal history, and
1h after confinement, cortisol levels significantly
increased to 113.6+29.26ng/mL (P<0.001) in the LHT
group and to 37.2+7.64ng/mL (P<0.01) in the HT group
when compared to time 0. Twenty-four hours after
application of the stress, only the cortisol levels of the
LHT group were significantly (P=0.01) increased relative
to basal levels.

Pituitary pomc transcripts Expression of the
duplicate pomcal and pomca2 was modified after acute
stress challenge (P=0.022 and P<0.001, respectively,
two-way ANOVA), but only pomca2 was significantly
(P<0.001, Two-way ANOVA) modified by thermal history
(Fig. 2). Intergroup comparison revealed that at 4h post
stress, significant (P=0.04 and P<0.001, respectively)
upregulation of both pomcal and pomcaZ2 transcripts was
observed in the HT fish relative to the LT at time 0. In the
same time period, only pomca2 was significantly (P=0.01)
upregulated in HLT and LHT relative to LT at time 0. At
24h post stress, pomca2 remained significantly (P<0.05)
upregulated in LHT, HT and HLT and also became
significantly P<0.05) upregulated in LT fish, all relative
to LT at time O. Pomcal was also significantly (P<0.05)
upregulated in the LHT and HLT fish at 24 h relative to LT
at time 0. In contrast, pomcal was significantly (P<0.05)
downregulated in LT relative to HLT 24 h post stress.
Intra-group analysis revealed that pomcal was
significantly (P=0.02) upregulated at 4h in the LT fish
relative to time O and then decreased significantly
(P=0.02) at 24h (Supplementary Table 4). Pomca2 was
significantly (P<0.05) upregulated in LHT and HT at 4
and 24, in relation to time O (Supplementary Table 4).

Head Kidney star transcripts Two-way ANOVA
revealed that after an acute stress challenge, a significant
(P=0.016) interaction occurred between thermal history
and time in the relative abundance of star transcripts
(Fig. 2). Intergroup comparisons revealed that the
expression of star was significantly (P<0.05) upregulated
in the HLT fish 24 h post stress relative to LT at time O. Intra-
group analysis indicated that in HT fish, the expression
of star was significantly (P<0.05) downregulated at 24h
relative to Oh (Supplementary Table 4). None of the
other groups revealed a significant modification in the
expression of star.

Pituitary and head Kidney gr
transcripts Abundance of gr transcripts in the pituitary
was significantly (P <0.001, two-way ANOVA) modified by
the stress challenge, but no significant effect was observed
in the head kidney (P>0.05, two-way ANOVA, Fig. 2).
Intergroup analysis showed that at 4h, gr expression in
the pituitary was significantly (P<0.05) downregulated in
the LHT fish relative to LT at time 0. At 24 h, gr abundance
in the head kidney of LHT fish was significantly (P<0.05)
upregulated relative to LT at time O and to HT fish. Intra-
group analysis revealed that gr expression in the pituitary
at 4h was significantly (P<0.05) downregulated in all
groups relative to time O, but by 24h, returned to basal
levels (Fig. 2).

Characterization of the secondary response to acute
stress challenge

Plasma glucose concentrations in response to acute stress
were significantly influenced by time (P<0.001) and
thermal history (P=0.025, two-way ANOVA, Table 3).
Intra-group analysis revealed that plasma glucose
significantly (P<0.05, one-way ANOVA) decreased
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Figure 2

Cortisol levels and expression of molecular
indicators (pomc a1, pomc a2, gr and star) of the
overall stress response of the four experimental
thermal groups after acute stress confinement.
Cortisol levels were Log10 transformed and
measured before (0h) and after acute stress at
three time points (1, 4 and 24h). Gene expression
was assessed by gPCR at 0, 4 and 24 h, and in the

KB

pituitary gland, expression of pomcal, pomca2
and gr was normalized by the mean of rps18
expression, and in the head kidney, the relative
gene expression of star and gr by the mean of
p-actin expression. Normalized data were
expressed as Log2 Fold Change relative to LT

18-18°C at O h. The results are plotted in Tukey
box and whiskers graphs: LT (18-18°C); LHT
(18-22°C); HT (22-22°C); HLT (22-18°C). '+

' represents the mean and dots the outliers
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(n=10 individuals per group per sampling time).
Different letters indicate statistical significant
differences between the groups of the same
sampling time (intergroup analysis). Capital
letters under the graph of plasma cortisol
indicate if significant differences exist between
sampling times for each thermal group (intra-
group analysis, ns=not significantly different).
Groups with the same letter are not significantly
different. Significant upregulation or

-2 T T -3 T
0 4 24 0

Time after confinement (hours)

relative to basal levels in the HLT and HT fish 24h after
acute stress (Supplementary Table 5).

Interaction between thermal history and time
significantly (P<0.01, two-way ANOVA) modified plasma
protein together with potassium, sodium, calcium and
osmolality that were also significantly (P<0.001, two-
way ANOVA) changed after confinement stress (Table 3).
Intergroup comparisons showed that at 24h post
confinement, plasma osmolality and total protein were
significantly (P<0.05) higher in the LHT fish relative to the
HLT fish. The HLT group also had a significantly (P<0.05)
lower plasma sodium concentration at 24h compared

4 24
Time after confinement (hours)

I downregulation relative to LT (18-18°C) at Oh
was denoted by: *P<0.05, **P<0.01,
**%P<0.001 using two-way ANOVA.

to all other experimental groups. Calcium levels in the
HT group were significantly (P<0.05) decreased 1h post
confinement in relation to all other experimental groups.

Intra-group analysis revealed that plasma sodium,
potassium and osmolality increased significantly
(P<0.05) in all groups 1 h after confinement and remained
significantly (P<0.05) higher up until 24h, in relation
to time O (Supplementary Table 5). In all experimental
groups, plasma calcium decreased significantly (P<0.05)
1h after the onset of acute stress relative to time 0 and
subsequently returned to basal concentrations 24h
post confinement.
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Figure 3

Histological (A) and histomorphometric (B) analysis of gilthead sea bream MMCs in the head kidney before and 1, 4 and 24h after the acute stress
challenge. (A) MMCs in head kidney were stained with Alcian blue-Periodic Acid Schiff (PAS)-Orange G. Different thermal groups (LT (18-18°C); HLT
(22-18°C); LHT (18-22°C); HT (22-22°()) are represented. Erythrocytes enriched area is stained in orange, and lymphoid tissue is stained in purple. MMCs may
consist in larger clusters of cells (area >0.001 mm?2; arrowhead) or as free cells (area <0.001 mm2; arrow; e). MMCs may present a round (a), oval (c) or
irregular shape (g) and is frequently observed near blood vessels (bv, e). Both free and larger MMCs contain dark brown pigmented material. ad, adipocytes.
Scale bar=100pum. (B) Histomorphometric analysis of MMCs in a randomly selected area of 0.3mm2 in head kidney: number of MMCs with an area equal or
inferior to 0.001 mm2 (smaller MMCs), total number of MMCs found within the analyzed area and the total area (mm2) occupied by MMCs in the selected
area. Analysis of MMCs was performed in unstressed fish (0h) and during stress response (1, 4 and 24h). Different thermal regimes (LT (18-18°C); LHT
(18-22°C); HT (22-22°C); HLT (22-18°C)) are represented. Different letters indicate statistical difference between thermal groups of the same sampling time.
Data shown as mean+s.e.m.; two-way ANOVA; P<0.05; n=10. A full colour version of this figure is available at http:/dx.doi.org/10.1530/JOE-16-0610.

Characterization of MMCs following acute chromaffin cells and proximal renal tubules were evident
stress challenge in the tissue. The main changes 24h after acute stress
were a decrease in the number of small, highly pigmented
masses in the LHT and HT groups and the change from
well-delineated spherical MMCs to heterogeneous
masses in the LHT group.

Thermal history and time after stress interacted
and were associated with a significant (P<0.01, two-
way ANOVA) change in the number of small MMCs,

Histology of the head Kkidney MMCs were
randomly distributed in the head kidney and were
evident as large pigmented masses surrounded by highly
cellular tissue stained with a purple or an orange hue due
to the accumulation of lymphocytes and erythrocytes,
respectively (Fig. 3A). Occasional blood vessels
surrounded by cords of cells of interrenal tissue, pale
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Figure 4

Relative expression of dct and ¢sf1r in the head
kidney before the onset of confinement (0h) and
during response (4 and 24h) to stress. Transcript
expression levels were obtained by qPCR and
were normalized in relation to the mean of
p-actin expression and normalized results were
expressed as Log2 Fold Change calculated relative
to LT 18-18°C at 0h. The results are plotted in

L;i:; !F

Log2 Fold Change csf-1r
Log2 Fold Change dct
IS

i
R
o
b
i

Tukey box and whiskers graphs: LT (18-18°C);
LHT (18-22°C); HT (22-22°C); HLT (22-18°C) are
represented. '+’ represents the mean and dots
the outliers (n=10 individuals per group per
sampling time). Different letters indicate
statistical significant difference between thermal
groups of the same sampling time (intergroup
analysis). Data are shown as mean +s.e.m. (n=10
- per group) and significant upregulation or
downregulation relative to LT (18-18°C) at Oh

-2 T T -10 T

0 4 24 0 4
Time after confinement (hours)

and consequently, the total number of MMCs, and also
in the total area occupied by MMCs in the head kidney
at time O and during the acute stress response (Fig. 3B).
Intergroup comparisons revealed that thermal history had
a significant (P=0.01, one-way ANOVA) impact on the
number of small MMCs and the total number of MMCs
and that the HLT fish had significantly (P<0.05) fewer
MMCs at 1h when compared to the LHT fish. Conversely,
24h after acute stress, the LHT and HT fish exhibited
significantly (P<0.05) fewer small MMCs relative to the
LT group. Although no significant differences were found
between groups at 4h post stress in the number of small
and total MMCs, the total area occupied by MMCs was
significantly (P=0.01) smaller in the HLT group compared
to LT fish (Fig. 3B). Intra-group comparisons revealed
that the number of small MMCs in both LHT and HT
groups significantly (P<0.05, One-way ANOVA) decreased
between time O and 24h after acute stress, although the
total area of MMCs in the head kidney was not significantly
modified in these groups between 0 and 24h post stress
(Supplementary Table 6). The number of large MMCs was
not significantly modified by confinement stress in any
experimental fish at any time point (data not shown).

qPCR of MMC relevant transcripts in the head
Kidney Csflr expression was highly variable in all
experimental groups and was significantly (P=0.003,
two-way ANOVA) affected by time after acute stress.
Intergroup analysis revealed that significant (P<0.05)
upregulation of csfIr transcripts only occurred in the LHT
group 4h after acute stress exposure, relative to LT at Oh
(Fig. 4). Thermal history and time interacted and had a
significant (P<0.001, two-way ANOVA) association with

Time after confinement (hours)

24 was denoted by: *P<0.05, **P<0.01,
**%P<0.001 using two-Way ANOVA.

dct downregulation 24h post stress in all experimental
groups compared to LT at time O (Fig. 4). At the same
time, dct transcript abundance was significantly (P<0.05)
downregulated in LHT and HT groups relative to the
LT group. No significant changes between groups were
identified at any other time point for any of the gene
transcripts analyzed. Tyra transcripts were below the
detection threshold for reliable quantification by qPCR
and were excluded from the analysis (data not shown).

Discussion

The results of the present study suggest that, in common
with mammals, early life stress modulates the stress
response in gilthead sea bream adults (Cottrell & Seckl
2009). Although all the sea bream from each thermal
group had a typical response to acute stress with
significant differences in plasma cortisol across time
(Arends et al. 1999, Tort et al. 2011), no significant
intergroup differences were detected. However, the
concentration range of plasma cortisol (37.16+7.64ng/
mL) in fish reared during egg and larval stages at a higher
temperature than the standard (HT) was lower than
50-80ng/mL, typical of stressed Sparidae fish, 1h after
an acute stress challenge (Tort et al. 2011). These results
are reminiscent of the lower cortisol response reported
for European sea bass (Dicentrarchus labrax) juveniles
that as larvae were reared at a higher than optimum
water temperature (Varsamos et al. 2006). Similarly,
when rainbow trout (Oncorhynchus mykiss) embryos
were stressed, the magnitude of the cortisol response
to stress in the subsequent juveniles was lowered
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(Auperin & Geslin 2008). Although no significant
intergroup differences were observed in plasma cortisol,
a temporal shift with delayed resolution in cortisol
response was seen in LHT fish at 24h post stress, which
may be explained by a significant upregulation of gr in
head kidney (Vazzana et al. 2010, Teles et al. 2013).

Although no significant changes in cortisol response
was detected between fish with different thermal
histories, a change in the responsiveness of the HPI axis
probably resulted from changes at several levels in this
axis. Significant differences existed in pomcal and pomca2
pituitary expressions between fish reared at standard
temperatures and the fish exposed to acute stress, and this
response differed with thermal history. More consistent
differences were observed in relation to pomca2 that is
synthesized by corticotrophs and processed and released
as ACTH that acts on the interrenal and regulates
glucocorticoid production (Cardoso et al. 2011). A
significantly higher pomca2 response was observed in the
HT and HLT groups, which had a lower median cortisol
response, supporting the notion that higher than standard
temperatures during embryogenesis (common to both
treatment groups) modulate the activity of the HPI axis by
increasing the pituitary pomc expression (Bizuayehu et al.
2015). Increased relative abundance of Pomc transcripts
have been reported in adult mice exposed to an early life
stress (Wu et al. 2014).

The responsiveness of the HPI axis was also modified
at the level of the head kidney, and basal star transcripts
that encode the rate-limiting enzyme in the synthesis
pathway of cortisol in the head kidney were significantly
higher (Stocco 2000) in the HT group, suggesting modified
activity of the cortisol producing pathway. An upregulation
of star expression linked with lower cortisol production
was observed in chronically stressed fish and was related
to post-translational changes in the pre-existing pool of
star mRNA, which led to modified biological activity of
the enzyme (Geslin & Auperin 2004, Castillo et al. 2008).
It remains to be established if a similar process occurred
in the present study.

All experimental groups of sea bream had a classical
stress response with strong downregulation of pituitary
gr transcripts 4h after acute stress, which suggests that
the central activation of negative feedback on the stress
axis was maintained irrespective of thermal history
(Alderman et al. 2012). These results suggest that thermal
imprinting during development in sea bream increased
the responsiveness of the pituitary gland to stress but
in a gr-independent manner. This contrasts with the
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situation in mammals, in which exposure to stress during
early development leads to reduced expression of GR
in the hippocampus and reduced negative feedback on
the HPA axis relative to unstressed animals (Cottrell &
Seckl 2009). Future studies will be required to establish if
increased pomc expression in sea bream is a consequence
of reduced expression of hypothalamic gr or a result of
epigenetic mechanisms at the level of the pituitary gland
(Wu et al. 2014).

The mechanism by which early thermal regimes
modified stress was not established, but it may be most
likely linked to epigenetic modulation of the genome
by temperature (Bizuayehu et al. 2015). It has been
shown that epigenetic mechanisms cause a reduction in
hypothalamic GR expression (Cottrell & Seckl 2009) and
the increase in the expression of POMC in the pituitary
gland of amniotes (Wu et al. 2014) and that these changes
in gene expression are associated with hypermethylation
or hypomethylation of DNA, respectively (Jaenisch &
Bird 2003).

Thermal imprinting during early ontogeny modified
the subsequent growth trajectory of the sea bream and
changed the whole animal physiology even in the
absence of a stress challenge, as plasma parameters
related to hydromineral balance and osmoregulation
were modified. It was notable that a drop in temperature
at hatch (HLT group) had the most profound impact on
the adult physiology, and HLT fish displayed significantly
higher levels of glucose, sodium and potassium in relation
to LT fish (the reference). Although in the present study
the mechanism by which temperature after hatching
modified the plasma glucose and ions in adult fish
was not established, it may be linked to a time-specific
window for temperature-induced epigenetic modulation
(Bizuayehu et al. 2015).

The overall organization of the gilthead sea bream
interrenal tissue was not modified by thermal history,
and the MMCs had a typical morphology (large
encapsulated, small clusters or free pigmented cells; Fig. 3;
Meseguer ef al. 1994). Different thermal histories were
associated with a significantly modified immune response
to stress in adults, and the number of small MMCs was
reduced 24 h post stress in the LHT and HT groups relative
to LT group. The reduction in the number of MMCs in
the teleost fish head kidney has been proposed as a sign
of immunosuppression and decreased phagocytic activity
(Gregori et al. 2014). However, the expression of the well-
established macrophage marker in gilthead sea bream csf1r
(Roca et al. 2006) in the present study was highly variable
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and did not corroborate the histology that indicated less
MMCs, and presumably less macrophages, were present
24 h post stress in the LHT and HT fish.

The melanosynthetic activity of the macrophages in
MMCs has been demonstrated in Atlantic salmon (Salmo
salar, Fagerland et al. 2013) and DCT, which is involved
in conversion of L-tyrosine into melanin, is expressed
exclusively in cells capable of pigment production
(Steel et al. 1992). In addition, DCT has antioxidant
and phagocytic functions in the innate immunity of
ectothermic vertebrates (Kovacs et al. 2012). In the
present study, a highly significant downregulation in dct
expression occurred 24 h after the acute stress challenge in
all fish. However, LHT and HT had a significantly greater
downregulation compared to LT suggesting stronger
suppression of innate immunity after a stress challenge
in these fish (Kovacs et al. 2012). In a short-term study
in sea bass exposed to thermal imprinting, juveniles had
depressed serum IgM and higher susceptibility to a viral
challenge (Varsamos et al. 2006). Our results demonstrate
the effect of thermal imprinting not only on the HPA
axis but also on innate immune elements of adults
exposed to stress. It will be important to establish if these
modifications are a consequence of the bioenergetics/
metabolic cost of a modified stress response or the result of
temperature-induced epigenetic modifications of immune
genes (Bizuayehu et al. 2015).

The present study revealed that the temperature
regime during early development of sea bream caused
thermal imprinting with long-term consequences for
physiological and homeostatic responses to a stressor in
adults. Clearly, a change in temperature between egg and
larval stages (HLT and LHT) and an increase in temperature
(HT) above the optimum (16-19°C) modified the whole
adult physiology (HLT) and attenuated the plasma cortisol
response to an acute stress in an over-stimulated HPI axis
(HT). Additionally, rearing larvae at higher temperatures
(HT and LHT) resulted in a suppression of elements of the
innate immunity in adults, but the reason for this change
remains to be established; it may arise from changed
bioenergetics/metabolic costs of a modified stress response
or from epigenetic modifications of immune genes. The
present results provide valuable information for future
research about the epigenetic mechanisms underlying the
plasticity of the stress axis and immune function.

Supplementary data
This is linked to the online version of the paper at http://dx.doi.org/10.1530/
JOE-16-0610.
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