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a b s t r a c t
To further our understanding of the development of the stress axis and the responsiveness of embryonic
and larval ﬁsh to environmental stressors, this study examined the ontogeny of whole-body cortisol levels and of the corticotropin-releasing factor (CRF) system in rainbow trout, as well as the endocrine and
cellular stress responses to hypoxia. After depletion of a maternal deposit, de novo synthesis of cortisol
increased exponentially between the ‘eyed’ stage and ﬁrst feeding. Whole body CRF mRNA levels dominated over those of the related peptide urotensin I (UI) from hatch through complete yolk sac absorption.
The mRNA levels of CRF-binding protein (CRF-BP) closely paralleled those of CRF and UI throughout
ontogeny except at ﬁrst feeding when an increase in CRF gene expression was not matched by change
in CRF-BP transcript abundance. In the hypoxia challenge, ﬁsh were exposed to 15% O2 saturation for
either 90 min or 24 h at three key developmental stages: hatch, swim up and ﬁrst feeding. While the
embryos were unaffected, chronic hypoxia elicited a transient 2-fold increase in whole-body cortisol levels in the larval stages. The hypoxia challenge also generally suppressed the mRNA levels of CRF and CRFBP, had no effect on the expression of UI, but had a marked stimulatory effect on heat shock protein 70
(Hsp70) gene expression. Taken together, these results suggest a role for the CRF system in the ontogenic
regulation of corticosteroidogenesis and show that hypoxia has developmental stage-speciﬁc effects on
the endocrine and cellular stress responses in rainbow trout.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Exposure to stressors during development can have a profound
impact on the physiology and health of an organism later in life
[43,77]. Mammalian studies have shown that glucocorticoids, the
end product of hypothalamic–pituitary–adrenal (HPA) axis activation, play a key role in the programming of brain structures that
can alter stress responsiveness [47,66,71]. In fact, permanent
changes in stress phenotype due to stressors experienced during
development have now been demonstrated in mammals [47,53],
birds [51], amphibians [38], and ﬁsh [8]. Overall, however, we
know very little about the ontogeny of the neuroendocrine stress
axis in teleosts and even less about the responsiveness of embryonic and larval ﬁsh to environmental stressors.
The neuroendocrine stress response in ﬁsh is regulated by the
hypothalamic–pituitary–interrenal (HPI) axis. At the hypothalamic
level, among the multiple factors with hypophysiotropic actions,
the peptide corticotropin-releasing factor (CRF) is considered to
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be the major regulator of adrenocorticotropic hormone (ACTH)
secretion from the pituitary [19]. Urotensin I (UI), a piscine member of the CRF peptide family, is also a potent in vitro stimulator of
ACTH secretion [34,78]. ACTH, in turn, is recognized as the principle stimulator of cortisol release from the head kidney interrenal
cells [33]. The binding protein (BP) for CRF-related peptides, CRFBP, may also be an important player in the regulation of HPI axis
activity [19]. CRF-BP is localized with CRF and UI in the nucleus
preopticus (NPO) of the preoptic area [2,4], a major site of hypophysiotropic peptide production, and various stressors affect the
expression of CRF-BP in this region of the brain [4,39]. Similarly,
various environmental, social and physical stressors in adult ﬁsh
are associated with increases in the expression of preoptic area
CRF and/or UI [18,16,39,52].
During ontogeny, all components of the CRF system are expressed as early as 6 h post-fertilization (hpf) in zebraﬁsh (Danio
rerio) embryos [3] and CRF mRNA is ﬁrst localized in the NPO by
48 hpf, i.e. just prior to hatch [23]. Synthesis of the ACTH precursor
molecule, pro-opiomelanocortin (POMC), occurs prior to hatch in
rainbow trout (Oncorhynchus mykiss) [65] and zebraﬁsh [73], and
POMC is sensitive to feedback regulation by cortisol around the
time of hatching in zebraﬁsh [73]. Key enzymes involved in corticosteroidogenesis are expressed during organogenesis in the inter-
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renal cells of zebraﬁsh [5] and de novo cortisol synthesis prior to
hatch has been demonstrated in several ﬁsh species [5,8,61]. In
contrast, most studies have shown that a stressor-mediated increase in cortisol synthesis does not take place until sometime
after hatch [5,11,12,32,40,44,67]. The cause of this lag is unknown,
although it has been suggested that there may be a disconnect between the perception of a stressor and the release of CRF peptides
from the hypothalamus [6]. To date, the impact of stressors on the
expression of CRF system components in embryonic or larval ﬁsh
has not been assessed. In contrast, several studies have shown that
the expression of heat shock proteins (HSPs) is affected by diverse
stressors during embryogenesis [27,48,72]. HSPs, a component of
the cellular stress response, may therefore serve as useful indicators of stress during early embryonic development [28].
Unable to escape and without the protection of an intrauterine
environment, ﬁsh embryos may be particularly susceptible to the
developmental impact of environmental insults. Hypoxia, resulting
either from natural events or anthropomorphic activities, is a common feature of various aquatic habitats [30]. In salmonid redds, for
example, O2 levels within egg pockets can vary from 20% to 90%
saturation [25,60]. Despite clear evidence that hypoxia retards
embryonic growth and delays development [24,37,42,80], our
understanding of the impact of hypoxia on the activity of the HPI
axis during development in ﬁsh remains cursory [32,59].
In this study, to further our understanding of the development
of the HPI axis and the responsiveness of embryonic and larval ﬁsh
to environmental stressors, we investigated the ontogeny of the
CRF system and whole-body cortisol levels in rainbow trout, as
well as the endocrine and cellular stress responses to hypoxia at
key ontogenetic transitions.
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beginning the transition to exogenous feeding, 70 dpf ﬁsh (stage
36) represented the near completion of yolk sac absorption and
the transition to complete exogenous feeding, and 84 dpf ﬁsh (stage
37) represented the completion of yolk sac absorption and fully
exogenous feeding ﬁsh. Unfertilized eggs (n = 50) were collected
at the trout farm immediately after they were recovered from brood
stock. Between 14 dpf and 84 dpf, embryos or larvae were quickly
netted and euthanized in a lethal dose of 2-phenoxyethanol (0.2%;
Sigma–Aldrich, St. Louis, MO, USA) and individually ﬂash frozen in
liquid nitrogen. Samples were stored at 80C for future quantiﬁcation of cortisol (n = 5) and CRF, UI, or CRF-BP mRNA levels (n = 4–8).
2.3. Effects of chronic hypoxia exposure on the stress response
To characterize the impact of environmental hypoxia on the
stress response during ontogeny, embryos (28 dpf) and larvae
(42 and 56 dpf) were either sampled directly from normoxic conditions (92% O2 saturation; 10.4 mg/L O2) or exposed to hypoxia
(15% O2 saturation; 1.7 mg/L O2) for 90 min or 24 h. Hypoxic conditions were created by bubbling N2 gas into a header tank of water
which continually fed the Heath tray. The oxygen level in the
Heath tray was monitored intermittently throughout the experiment using an oxygen meter (YSI 55; YSI, Yellow Springs, OH,
USA). Oxygen levels remained very stable throughout the duration
of the exposures and did not vary by more than 2% of the target value. At the time of sampling, embryos/larvae were euthanized as
above and stored at 80 °C for future cortisol measurement
(n = 6–8) or quantiﬁcation of the mRNA levels for CRF, UI, CRFBP, and Hsp70 (n = 4–8).
2.4. Cortisol determination

2. Materials and methods
2.1. Animals
Fertilized rainbow trout (Oncorhynchus mykiss) eggs were obtained from Rainbow Springs Trout Farm (Thamesford, ON, Canada) and raised at the Hagen Aqualab (University of Guelph, ON,
Canada). Eggs were incubated in mesh bottom Heath trays (length
62.9 cm  width 52.1 cm  depth 6 cm) in darkness with continuous ﬂow-through local well water (10C, 10.4 mg/L O2, pH 7.9;
water hardness 411 mg/L as CaCO3; ion concentrations in mmol/
L: 2.6 Ca2+, 1.5 Cl, 1.5 Mg2+, 0.06 K+, 1.1 Na+). Hatching occurred
between 30 and 34 days post-fertilization (dpf). At 56 dpf, larvae
were transferred to a ﬂoating basket with a simulated 12:12 light:dark photoperiod and fed ground trout pellets ad libitum with an
automatic belt feeder. While the eggs used to determine the ontogeny of whole-body cortisol and the CRF system (see Section 2.2)
and those used to determine the effects of chronic hypoxia exposure on the stress response (see Section 2.3) originated from the
same brood stock, they were collected at different times of year.
The University of Guelph’s Animal Care Committee approved of
the care and usage of all animals in this study, as per the principles
of the Canadian Council for Animal Care.
2.2. Ontogeny of whole-body cortisol and the CRF system
To determine the ontogeny of whole-body cortisol and the CRF
system in rainbow trout, eggs, embryos and larvae were collected
at 2 week intervals between 0 and 84 dpf. These intervals represented key stages in the development of rainbow trout embryos
and larvae [76]. The 0 dpf samples were unfertilized eggs, 14 dpf
embryos (stage 21) represented the ‘eyed’ stage, 28 dpf embryos
(stage 30) were just prior to hatching, 42 dpf larvae (stage 32) were
transitioning to the ‘swim up’ stage, 56 dpf larvae (stage 34) were

Frozen embryos/larvae were individually weighed and homogenized in ice-cold buffer (80 mM Na2HPO4; 20 mM NaH2PO4;
100 mM NaCl; 1 mM ethylenediaminetetraacetic acid (EDTA; pH
7.4)) using a Euro Turrax T 20b (IKA Labortechnik, Staufen, Germany) homogenizer. Homogenates were extracted three times
with methanol, and puriﬁed with C18 solid phase extraction columns (100 mg octadecyl [C18], 1-ml disposable polypropylene
minicolumn, Amersham Biosciences Corp, Piscataway NJ, USA) as
described by Lister and Van Der Kraak [49]. Samples were reconstituted in 650 lL assay buffer (21.4 mM Na2HPO4.7 H2O; 9.3 mM
NaH2PO4.H2O; pH 7.6; 0.1% gelatin; 0.01% thimerosal) and cortisol
content was determined in triplicate by radioimmunoassay (RIA)
as described by Bernier et al. [18]. A serial dilution of whole embryo extract gave a displacement curve that was parallel to the
standard curve (Fig. 1), indicating that there were no contaminants
interfering with the assay. Inter- and intra-assay variance were
found to be 5.9% (n = 6) and 1.7% (n = 7), respectively. Cortisol values are presented as ng whole-body cortisol / g of individual body
weight (BW) and are corrected for average extraction efﬁciency
(59.1 ± 1.7%; n = 10).
2.5. Quantiﬁcation of mRNA by real-time RT-PCR
Total RNA from individual embryos and larvae was extracted
using TRIzol Reagent according to manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA). Five lg of total RNA was treated
with DNase I (Invitrogen) and reverse transcribed to cDNA using
SuperScript II RNase H- reverse transcriptase (Invitrogen) according to the manufacturer’s protocols. The cDNA products were
ampliﬁed in duplicate with gene-speciﬁc primers (Table 1) using
the ABI Prism 7000 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA). For the quantiﬁcation of CRF,
CRF-BP, and UI, reactions contained 12.5 lL 2X TaqMan Universal
Master Mix (Applied Biosystems), 5 lL of 5 diluted cDNA tem-
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in cortisol content between developmental stages. Two-way ANOVAs followed by Tukey’s test for multiple comparisons were used
to determine differences in mRNA levels between the various transcripts and developmental stages during ontogeny. Two-way ANOVAs followed by Tukey’s test for multiple comparisons were also
used to determine differences in cortisol content or mRNA levels
between the various treatments and developmental stages in response to the hypoxic challenge. Data that did not meet the
assumption of normality was log-transformed prior to analysis. If
the transformed data still did not conform to the assumptions of
ANOVA, a Kruskal–Wallis one-way ANOVA on ranks followed by
a Dunn’s test for multiple comparisons were performed. A Pearson
product-moment correlation test was used to test for potential correlations between CRF and CRF-BP, CRF and UI, or UI and CRF-BP
mRNA levels of individual ﬁsh. All analyses were performed using
SigmaStat 3.0 (SPSS, Inc., Chicago, IL, USA) and data expressed as
mean ± SE was considered statistically signiﬁcant when p < 0.05.
Fig. 1. Serial dilution of a cortisol standard (dark circles) and extract from whole
bodies of 42 days post-fertilization rainbow trout larvae (white circles) measured
using a radioimmunoassay. Larval extract values were phase shifted to the right
from the serial dilution of the standard for better visibility.

3. Results
3.1. Ontogeny of whole-body cortisol and the CRF system

plate, and 2.5 lL each of forward and reverse primers (9 lM) and
2.5 lL probe (2.5 lM). For Hsp70 quantiﬁcation, reactions contained 10 lL SYBR Green PCR Master Mix (Applied Biosystems),
5 lL of 5 diluted cDNA template, and 2.5 lL each of forward
and reverse primers (0.4 lM). Default cycling conditions were
used: 10 min at 95 °C followed by 40 cycles of 15 s at 95 °C and
1 min at 60 °C. To account for differences in ampliﬁcation efﬁciency, a standard curve was constructed for each target using serial dilutions of cDNA. Input values were obtained by ﬁtting the
average threshold cycle value to the antilog of the standard curve.
To correct for variations in template input and transcriptional efﬁciency, each sample was normalized to the expression level of two
reference genes, b-actin and elongation factor-1a (EF1a). Finally,
non-reverse transcribed RNA and water controls were run to ensure that no genomic DNA was being ampliﬁed and the reagents
were not contaminated.
2.6. Statistical analysis
A one-way analysis of variance (ANOVA) followed by Tukey’s
test for multiple comparisons was used to determine differences

Unfertilized embryos contained, on average, 3.36 ± 0.23 ng/g
BW cortisol (Fig. 2A). The lowest cortisol content during ontogeny
was observed 2 weeks later at 14 dpf, the eyed-stage
(0.03 ± 0.01 ng/g BW). Cortisol increased exponentially between
the 14 and 56 dpf developmental stages, peaking at
7.10 ± 0.64 ng/g BW. Cortisol levels fell once again by the ﬁrst sampling stage after the onset of exogenous feeding, 70 dpf
(0.88 ± 0.16 ng/g BW), but rebounded by the end of the feeding
transition at 84 dpf (4.17 ± 0.75 ng/g BW).
Independent of whether the mRNA levels of CRF, UI or CRF-BP
were normalized to the expression levels of b-actin or EF1a, the
overall changes in the expression pattern of each gene throughout
ontogeny and in response to hypoxia were conserved. However,
since the standard deviation in expression values for b-actin both
within and between sampling times were slightly lower than those
for EF1a, b-actin was identiﬁed as a more suitable normalization
gene in this study. Individual unfertilized eggs contained insufﬁcient quantities of total RNA to quantify gene expression at 0 dpf
(Fig. 2B). Similarly, the expression of all three transcripts could
not be reliably detected in 14 dpf embryos. Low levels CRF and
CRF-BP mRNA were detected in 25% and 50% of embryos tested,

Table 1
Sequences of gene-speciﬁc primer pairs and probes used to amplify corticotropin-releasing factor (CRF), CRF-binding protein (CRF-BP), urotensin I (UI),
heat shock protein 70 (Hsp70), b-actin and elongation factor-1a (EF1a) in real-time reverse transcriptase-polymerase chain reaction assays. The GenBank
accession number for each gene is indicated. + indicates a gene that was ampliﬁed with TaqMan chemistry and ⁄ indicates a gene that was ampliﬁed with
SYBR green chemistry.
Gene
CRF

+

CRF-BP+

UI+

Hsp70⁄
b-actin⁄+

EF1a⁄+

Sequences (50 –30 )

GenBank accession no.

F: AAA TAC CTA AAA TCC AGG GAC ACA A
R: GAG GTA CCA GTG ATC ATG TTC TTG A
P: [DFAM] CAA CTG AAG ATC TCG TTG AAC CCC TGA CA [DTAM]
F: CAT CAC CCA GCC ATC AAA CAC
R: GAG TAT GAC AGC GTT GAC ATC GA
P: [DFAM] TTG ATG AAG TCT CCT CCC CT [DTAM]
F: GTG CAA CTT TTT CAG CAT TAA GGA
R: GTG CTG GAC AGA CGG ACA AAA
P: [DFAM] ACA AAA TAC CGG GCA CCG [DTAM]
F: AGG CCC AAC CAT TGA AGA GA
R: GCA ATG TCC AGC AAT GCA ATA
F: GAC CCA GST CAT GTT TGA GAC CTT
R: CGT AGC CCT CGT AGA TGG GTA
P: [DFAM] ACT CCG GTG ACG GCG TGA CCC[DTAM]
F: CCA TTG ACA TTT CTC TGT GGA AGT
R: GAG GTA CCA GTG ATC ATG TTC TTG A
P: [DFAM] ACC GGC AGG TAC TAC GTC ACA ATC ATT GA [DTAM]

AF296672

F, forward primer; R, reverse primer; P, probe.

AY363677

AJ005264

AB176855
AJ438158

AF498320
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A

B

C

Fig. 2. (A) Whole-body cortisol (n = 5) and (B) expression of corticotropin-releasing factor (CRF), urotensin I (UI), and CRF-binding protein (CRF-BP) (n = 4–8) in (C) rainbow
trout unfertilized eggs (0 days post-fertilization; dpf), embryos (14 and 28 dpf), and larvae (42–84 dpf). All gene expression data is standardized to the expression of b-actin
and shown as fold-change from the CRF mRNA levels at 28 dpf. For the cortisol data, bars that do not share a common letter are signiﬁcantly different from each other as
determined by one-way ANOVA and pairwise Tukey test (p < 0.05). Differences in gene expression were assessed by two-way ANOVA and pairwise Tukey test (p < 0.05). For a
given gene, bars that do not share a common letter are signiﬁcantly different (there were no signiﬁcant differences in CRF-BP expression). At a given developmental stage,
bars that do not share a common number differ from one another. BW, body weight; ND, not detected (see text for further details).

respectively, but UI could not be ampliﬁed. Between 28 and 84 dpf,
the overall changes in basal CRF mRNA levels were similar to the
changes in basal cortisol content. CRF mRNA levels increased 5-fold
between the 28 dpf embryos and the 56 dpf larvae and then decreased at 70 dpf and 84 dpf. A similar proﬁle was observed in
the ontogenic gene expression of UI, with a steady increase in
expression between 28 and 56 dpf and a subsequent decrease in
84 dpf larvae. In contrast, CRF-BP mRNA levels did not change between the 28 and 84 dpf developmental stages. Throughout ontogeny, the whole body gene expression levels of CRF and CRF-BP
were consistently greater than those of UI. Whereas the mRNA levels of CRF-BP where greater than those of CRF at 28 dpf, the mRNA
levels of these two genes were comparable at all later stages of
development.
At the 28, 42, 70, and 84 dpf stages, a strong positive correlation
was found between CRF and CRF-BP mRNA levels (R2 = 0.650;
n = 43; p < 0.001; Fig. 3A). Signiﬁcant but weaker correlations were
also observed between CRF and UI mRNA levels (R2 = 0.320;
p < 0.01; not shown) as well as between CRF-BP and UI mRNA lev-

els (R2 = 0.279; p < 0.01; not shown) at these stages. To facilitate visual interpretation, data from all four stages were combined in
Fig. 3A, however positive correlations were found to be signiﬁcant
in each separate developmental stage. In contrast, no correlations
were found for any of the comparisons in the 56 dpf larvae
(R2 < 0.05; n = 20; p > 0.05; Fig. 3B, only CRF vs CRF-BP shown).
3.2. Effects of chronic hypoxia exposure on the stress response
Compared to their respective normoxic control group, exposure
to 15% O2 saturation for 90 min increased cortisol levels 2-fold in
the 42 and 56 dpf larvae, but had no effect on the 28 dpf embryos
(Fig. 4A). After 24 h of continuous hypoxia exposure, whole-body
cortisol levels did not differ from the control values at any of the
developmental stages tested.
The 15% hypoxia treatment was also characterized by a 2-fold
reduction in CRF mRNA levels after 90 min of exposure in all developmental stages. After 24 h of hypoxia exposure, CRF mRNA levels
remained depressed in the 28 dpf embryos but recovered to
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A

of the above transcripts in the 56 dpf larvae (R2 = 0.01, n = 20;
p > 0.05; Fig. 5C only CRF vs CRF-BP shown).

4. Discussion
4.1. Ontogeny of whole-body cortisol and the CRF system

B

Fig. 3. Relationship between corticotropin-releasing factor (CRF) and CRF-binding
protein (CRF-BP) gene expression in rainbow trout embryos and larvae at (A) 28, 42,
70, and 84 days post-fertilization (dpf; R2 = 0.65, p < 0.001), and at (B) 56 dpf
(R2 = 0.04, p > 0.05). All gene expression data is standardized to the expression of bactin. The relationships were analyzed with the Pearson product-moment correlation test.

control values in the 42 and 56 dpf larvae (Fig. 4B). The hypoxia
exposure had no effect on UI gene expression at any of the developmental stages or sampling times (Fig. 4C). In the 28 dpf embryos
and 42 dpf larvae, hypoxia exposure was associated with decreases
in CRF-BP mRNA levels that paralleled the changes in CRF gene
expression (Fig. 4D). In contrast, hypoxia had no effect on CRF-BP
mRNA levels in the 56 dpf larvae.
Basal expression of Hsp70 mRNA levels increased throughout
ontogeny, with a 13-fold increase between the 28 and 56 dpf
developmental stages (Fig. 4E). Hypoxia had a marked stimulatory
effect on Hsp70 gene expression in the 28 dpf embryos, increasing
mRNA levels 15-fold after 90 min and 172-fold after 24 h. At 42
dpf, hypoxia increased Hsp70 mRNA levels 7-fold and 12-fold after
90 min and 24 h, respectively. Finally, at 56 dpf, the hypoxia treatment was associated with a 3-fold increase in Hsp70 mRNA levels
after 90 min and a 2-fold increase in gene expression after 24 h.
Strong positive correlations were observed between CRF and
CRF-BP mRNA levels in the control and hypoxia-exposed 28 dpf
embryos (R2 = 0.561, n = 12, p < 0.01; Fig. 5A) and 42 dpf larvae
(R2 = 0.773, n = 18, p < 0.001; Fig. 5B). In the same ﬁsh, there were
also positive but weaker correlations between CRF and UI mRNA
levels (R228 dpf = 0.545, n = 12; p = 0.058; R242 dpf = 0.274, n = 18;
p < 0.05; not shown), and between CRF-BP and UI mRNA levels
(R228 dpf = 0.608, n = 18, p < 0.05; R242 dpf = 0.394, n = 18, p < 0.01;
not shown). In contrast, no correlations were found between any

The cortisol ontogeny described in the present study corroborates similar reports in developing embryos and larvae of the genus
Oncorhynchus [8,11,12,26,32]. A maternal deposit of cortisol was
detected prior to fertilization and was depleted by the start of
organogenesis (14 dpf). The subsequent rise in cortisol prior to
hatching (28 dpf) results from de novo synthesis [61]. As previously
observed in rainbow trout [11] and chum salmon (O. keta) [26],
post-hatch cortisol levels increased exponentially as larvae approached the onset of exogenous feeding (56 dpf) and declined
sharply right after (70 dpf). By 84 dpf, when the energy requirements of larvae were derived completely from exogenous sources,
basal cortisol levels rose once again.
The transition from yolk-derived nourishment to exogenous
feeding in teleosts is associated with high mortality rates and is a
major factor in the life history and survival of ﬁsh [10,74]. After
exogenous feeding is initiated, larvae use a combination of yolk
and captured food to meet their energy requirements until the yolk
sac is completely depleted [46]. The high cortisol levels observed at
the onset of exogenous feeding in this study and others [8,11,26,59],
and the coinciding peak in glucocorticoid and mineralocorticoid
receptor mRNA levels in zebraﬁsh larvae [5], suggest an involvement of cortisol in the initiation of feeding and/or the regulation
of intermediary metabolism during this key ontogenetic transition.
In tadpoles [38], seabird chicks [45] and rodent pups [22] treatment
with corticosteroids stimulate feeding and nutritional deﬁcits are
characterized by elevated corticosteroid levels and hyperphagia.
In contrast, zebraﬁsh larvae that are fasted throughout the yolk
sac resorption phase have lower cortisol levels when compared to
the fed larvae [3]. Manipulation of caloric intake studies during
the ontogenetic transition from endogenous to exogenous feeding
are needed to help elucidate the causal relationships between exogenous feeding, HPI axis activity and cortisol levels in larval ﬁsh.
The pattern of CRF expression through ontogeny was similar to
that of cortisol with a peak in CRF mRNA levels occurring at 56 dpf
followed by a decrease at 70 dpf. The parallel ontogenic changes in
CRF expression and whole-body cortisol observed in this study
suggest hypophysiotropic regulation of basal cortisol levels as
early as hatching in rainbow trout. Similarly, CRF mRNA expression
in zebraﬁsh larvae increases between hatching and exogenous
feeding [3] and discrete CRF-expressing cell clusters are localized
to the preoptic region during embryonic and post-embryonic
development [23]. In general, the pattern of basal UI expression
in developing rainbow trout was more variable than the pattern
of CRF, peaking at 56 and 42 dpf in the ontogeny and hypoxia
experiments, respectively. As previously observed in zebraﬁsh
[3], UI was also consistently expressed at a lower level than CRF
throughout the larval period in rainbow trout. In zebraﬁsh,
whereas the preoptic area is a principal site of CRF synthesis in
the developing brain, UI is primarily expressed in distinct neurons
of the embryonic midbrain and hindbrain, and only sparsely expressed in the preoptic nucleus [3,21,23].
The quantiﬁcation of CRF-BP mRNA expression during ontogeny
in a teleost is described for the ﬁrst time in this study. Whereas the
basal expression level of CRF-BP remained constant between hatch
and complete yolk sac absorption in the ontogeny experiment, a
small but signiﬁcant increase was observed post-hatch in the hypoxia experiment. Interestingly, a strong positive correlation between the expression levels of CRF-BP and either CRF or UI
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Fig. 4. Effects of hypoxia exposure (15% O2 saturation; 1.7 mg/L) on (A) whole-body cortisol and on the expression of (B) corticotropin-releasing factor (CRF), (C) urotensin I
(UI), (D) CRF-binding protein (CRF-BP), and (E) heat shock protein 70 (Hsp70) in rainbow trout embryos (28 days post-fertilization; dpf) and larvae (42 and 56 dpf). All gene
expression data is standardized to the expression of b-actin. For a given gene, the expression data is reported as fold-change from the respective 28 dpf control normoxic
value. Bars for a given gene that do not share a common letter are signiﬁcantly different from each other, as determined by a two-way ANOVA followed by Tukey’s test for
multiple comparisons (n = 4–8; p < 0.05). BW, body weight.

within individual embryos/larvae was observed at all developmental stages except at 56 dpf. These positive correlations, or lack
thereof at 56 dpf, existed despite differences in the average expression levels of the three genes and were also observed in the chronic
hypoxia experiment. Although the ability of CRF-BP to bind CRF
and UI has not been determined in any teleost, the strong conservation of CRF-BPs across vertebrates [39,79] and the ability of
mammalian CRF-BPs to bind CRF and UI with high afﬁnity
[15,69] suggest that CRF-BP may also be involved in mediating
the signaling activity of CRF-related peptides in ﬁsh. If so, strong
positive correlations between the expression of CRF-BP and both
CRF and UI may be indicative of a large potential to sequester ligands and block the activation of CRF receptors by either CRF or

UI. In contrast, since CRF-BP can attenuate CRF-stimulated ACTH
release in mammals [62,69], the lack of correlation between CRFBP expression and CRF/UI expression at 56 dpf in rainbow trout larvae may be responsible, at least in part, for the peak cortisol levels
observed during the transition to exogenous feeding. Clearly, future studies aimed at determining the afﬁnity of teleost CRF-related peptides for CRF-BP are needed to determine the
physiological signiﬁcance of the correlations reported in this study.
4.2. Effects of chronic hypoxia exposure on the stress response
We observed ontogenic differences in the stress response of
rainbow trout to chronic hypoxia. Consistent with previous studies
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Fig. 5. Relationship between corticotropin-releasing factor (CRF) and CRF-binding
protein (CRF-BP) gene expression of normoxic control and hypoxia-exposed (15% O2
saturation; 1.7 mg/L) rainbow trout embryos and larvae at (A) 28 days postfertilization (dpf; R2 = 0.56, p < 0.01), (B) 42 dpf (R2 = 0.77, p < 0.001), and (C) 56 dpf
(R2 = 0.01, p > 0.05). All gene expression data is standardized to the expression of bactin. The relationships were analyzed with the Pearson product-moment correlation test.

investigating the impact of various stressors in rainbow trout
[8,11,12,63], Chinook salmon (O. tchawyschtcha) [32], red drum
(Sciaenops ocellatus) [7,59] and zebraﬁsh [5], the ability of rainbow
trout to secrete cortisol in response to chronic hypoxia was not observed until after hatch. The inability of embryos to activate the
HPI axis during hypoxia exposure may be due in part to immaturities in the afferent sensory pathway involved in relaying this stressor to the brain and/or in immaturities of HPI axis components. For

example, differentiation and innervation of O2-sensing gill neuroepithelial cells in zebraﬁsh occurs after hatch (see review by Jonz
and Nurse) [41]. While the development of rainbow trout embryos
is clearly affected by hypoxic conditions [24,55], the ontogeny of
central hypoxia sensory integration is not known. Similarly,
although ACTH can stimulate in vitro cortisol production in rainbow trout at hatch [11] and POMC is present in pituitary corticotropes at this time, the synthetic activity of these cells remains
very low until 4 weeks post-hatch [65,70]. Moreover, the expression level of the enzyme responsible for the proteolytic conversion
of POMC into ACTH, prohormone convertase 1, remains low in zebraﬁsh until after hatch [56]. Our results also suggest ontogenic differences in the impact of chronic hypoxia on the expression of CRF
and CRF-BP. While the hypoxic treatment resulted in a sustained
and marked reduction in the transcript abundance of CRF and
CRF-BP in 28 dpf embryos, the effects were transient and less pronounced in 42 and 56 dpf larvae. Thus, the developmental differences in the impact of hypoxia on the HPI axis of rainbow trout
appear to be the product of multiple factors.
To our knowledge, this study provides the ﬁrst evidence of a hypoxia-induced increase in whole-body cortisol in larval ﬁsh. In
contrast, a previous experiment on larval red drum found that
moderate hypoxia had no impact on whole-body cortisol [59].
Although the chronic 24 h 15% O2 saturation treatment used in this
experiment would be quite severe for adult hypoxia-intolerant
rainbow trout [17,20,31], it elicited a mere 2-fold increase in cortisol of larvae after 90 min and a return to basal conditions after
24 h. In preliminary experiments, exposure of 42 and 56 dpf rainbow trout larvae to 30% O2 saturation for 24 h had no effect on
whole-body cortisol. In contrast, adult rainbow trout chronically
exposed to 35% O2 saturation for 24 h were characterized by a 4fold increase in plasma cortisol levels [18,16]. Overall, our results
suggest that the HPI axis of larval rainbow trout is less responsive
to hypoxic stressors than the HPI axis of adults.
The activation of the HPI axis in adult rainbow trout exposed to
30–35% O2 saturation for 24 h is associated with increases in the
mRNA levels of preoptic area CRF, UI, and CRF-BP [4,18,16]. In contrast, the increase in HPI axis activity observed in hypoxic larvae
was generally accompanied by a transient decrease in the transcript levels of CRF and CRF-BP, and UI gene expression was unaffected. Since there is evidence that cortisol can exert negative
feedback effects on the HPI axis in larval ﬁsh [58,75], it is tempting
to speculate that the difference in the transcriptional response of
CRF and CRF-BP to hypoxia between adult and larval ﬁsh is the
product of feedback regulation. However, chronic hypoxia elicited
a more pronounced and sustained reduction in CRF and CRF-BP
gene expression in embryos, a developmental stage that lacks a
stress response, than in larvae. Our results, therefore, suggest
developmental differences in the effects of hypoxia on the CRF system in rainbow trout whereby an initial suppression of the CRF
system during ontogeny may be gradually replaced by a stimulation of the same HPI axis regulators later in life.
Beyond ontogenic differences in the impact of chronic hypoxia
on the expression of the CRF system, methodological differences
may also have contributed to the above differences. While our
studies on adult rainbow trout used isolated brain regions for gene
expression measurements, we report whole body mRNA levels in
this study. The CRF system has many functions beyond the endocrine stress response and is widely expressed in the brain and body
of ﬁsh [2,4,21,23,57]; thus by reporting whole-body changes in
transcript levels, the speciﬁc changes in preoptic area expression
of the CRF system may been masked or diluted by expression in
other tissues.
Hypoxia-exposed rainbow trout embryos and larvae also displayed a cellular stress response. Although all three developmental
stages where characterized by increases in Hsp70 mRNA levels
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with hypoxia exposure, the response was signiﬁcantly more pronounced in the embryos than in the larvae. Whether this difference
indicates an enhanced cellular stress response in embryos or a suppressed cellular stress response in larvae is not clear. In adult rainbow trout, both exogenous cortisol and stress-induced increases in
circulating cortisol can depress the Hsp70 response to heat shock
[1,14,13]. Assuming cortisol also modulates the cellular stress response during ontogeny, the development of a functional stress response in larvae may be associated with a reduced Hsp70 response
to stressors. Interestingly, exposure of rainbow trout to 33% O2 saturation for 6 h had no effect on myocardial Hsp70 protein expression [35]. Moreover, exposure of Altantic cod (Gadus morhua) to
35% O2 saturation for 4 h [54] or Nile tilapia (Oreochromis niloticus)
to 5% O2 saturation for 24 h [29] induced the expression of Hsp70
proteins in some tissues but not in others. While anoxia was associated with a large increase in Hsp70 gene expression in the brain
and heart of crucian carp (Carassius carassius) held at 13° C, the response was muted at 8° C [68]. Taken together these results suggest that the effects of O2 deprivation on the expression of Hsp70
in ﬁsh are species-speciﬁc and dependent on environmental factors and developmental stage.
Numerous studies have shown that HSPs play an important role
in protein folding and stabilization in ﬁsh as in other organisms
[28]. Increasingly, there is also evidence that Hsp70 may be particularly important for protection against the physiological strain of
chronic hypoxia. Induction of Hsp70 promotes cardiac and brain
protection from hypoxic injury in mammals [36,50], freshwater
turtles [64] and fruit ﬂies [9], and increases survival of adult Drosophila exposed to chronic hypoxia [9]. Functionally, Hsp70 may
protect against hypoxia by inhibiting apoptosis, reducing protein
aggregation [36] and by stabilizing newly synthesized hypoxiainducible factor-1a [81], the master transcription factor responsible for the regulation of key biological functions during hypoxia.
Whether the hypoxia-induced increase in Hsp70 gene expression
in rainbow trout embryos and larvae can be attributed similar
physiological roles is not known and certainly warrants further
investigation.
5. Conclusion
This study presents novel data on the ontogeny of the CRF system and the impact of hypoxia on the endocrine and cellular stress
responses in developing rainbow trout. Overall, the ontogenic proﬁles of CRF and CRF-BP transcript levels relative to the developmental changes in whole-body cortisol suggest an active
involvement of the CRF system in the regulation of the HPI axis
in larval rainbow trout. As previously observed with other stressors
in developing ﬁsh, the responsiveness of the HPI axis to environmental hypoxia was only observed post-hatch. However, the transient increase in cortisol and general suppression of CRF gene
expression with chronic hypoxia at the swim up and ﬁrst feeding
stages suggest that the HPI axis of larval rainbow trout may be less
responsive to O2 deprivation than in adults. In contrast, hypoxia
elicited a marked increase in Hsp70 mRNA levels in embryos and
a more modest cellular stress response after the formation of a
functional HPI axis in larvae. Future studies are needed to determine the short- and long-term physiological signiﬁcance of these
developmental stage-speciﬁc effects of hypoxia exposure on the
endocrine and cellular stress responses.
Acknowledgments
We would like to thank Ian Smith for help with ﬁgure formatting and presentation, and Bob Frank for technical assistance in
the Hagen Aqualab. This research was supported through a Natural

611

Sciences and Engineering Research Council of Canada (NSERC) Discovery Grant to N.J.B.

References
[1] P.A. Ackerman, R.B. Forsyth, C.F. Mazur, G.K. Iwama, Stress hormones and the
cellular stress response in salmonids, Fish Physiol. Biochem. 23 (2000) 327–
336.
[2] S.L. Alderman, N.J. Bernier, Localization of corticotropin-releasing factor,
urotensin I, and CRF-binding protein gene expression in the brain of the
zebraﬁsh, Danio rerio, J. Comp. Neurol. 502 (2007) 783–793.
[3] S.L. Alderman, N.J. Bernier, Ontogeny of the corticotropin-releasing factor
system in zebraﬁsh, Gen. Comp. Endocrinol. 164 (2009) 61–69.
[4] S.L. Alderman, J.C. Raine, N.J. Bernier, Distribution and regional stressorinduced regulation of corticotrophin-releasing factor binding protein in
rainbow trout (Oncorhynchus mykiss), J. Neuroendocrinol. 20 (2008) 347–358.
[5] D. Alsop, M.M. Vijayan, Development of the corticosteroid stress axis and
receptor expression in zebraﬁsh, Am. J. Physiol. Regul. Integr. Comp. Physiol.
294 (2008) R711–719.
[6] D. Alsop, M.M. Vijayan, Molecular programming of the corticosteroid stress
axis during zebraﬁsh development, Comp. Biochem. Physiol. 153 (2009) 49–
54.
[7] S.L. Applebaum, C.A. Wilson, G.J. Holt, B.S. Nunez, The onset of cortisol
synthesis and the stress response is independent of changes in CYP11B or
CYP21 mRNA levels in larval red drum (Sciaenops ocellatus), Gen. Comp.
Endocrinol. 165 (2010) 269–276.
[8] B. Auperin, M. Geslin, Plasma cortisol response to stress in juvenile rainbow
trout is inﬂuenced by their life history during early development and by egg
cortisol content, Gen. Comp. Endocrinol. 158 (2008) 234–239.
[9] P. Azad, D. Zhou, E. Russo, G.G. Haddad, Distinct mechanisms underlying
tolerance to intermittent and constant hypoxia in Drosophila melanogaste, PLoS
ONE 4 (2009) e5371.
[10] E.K. Balon, Reﬂections on some decisive events in the early life of ﬁshes, Trans.
Am. Fish. Soc. 113 (1984) 178–185.
[11] T.P. Barry, J.A. Malison, J.A. Held, J.J. Parrish, Ontogeny of the cortisol stress
response in larval rainbow trout, Gen. Comp. Endocrinol. 97 (1995) 57–65.
[12] T.P. Barry, M. Ochiai, J.A. Malison, In vitro effects of ACTH on interrenal
corticosteroidogenesis during early larval development in rainbow trout, Gen.
Comp. Endocrinol. 99 (1995) 382–387.
[13] N. Basu, T. Nakano, E.G. Grau, G.K. Iwama, The effects of cortisol on heat shock
protein 70 levels in two ﬁsh species, Gen. Comp. Endocrinol. 124 (2001) 97–
105.
[14] N. Basu, C.J. Kennedy, G.K. Iwama, The effects of stress on the association
between hsp70 and the glucocorticoid receptor in rainbow trout, Comp.
Biochem. Physiol. 134 (2003) 655–663.
[15] D.P. Behan, E.B. De Souza, P.J. Lowry, E. Potter, P. Sawchenko, W.W. Vale,
Corticotropin releasing factor (CRF) binding protein: A novel regulator of CRF
and related peptides, Front. Neuroendocrinol. 16 (1995) 362–382.
[16] N.J. Bernier, P.M. Craig, CRF-related peptides contribute to stress response and
regulation of appetite in hypoxic rainbow trout, Am. J. Physiol. 289 (2005)
R982–R990.
[17] N. Bernier, J. Fuentes, D. Randall, Adenosine receptor blockade and hypoxiatolerance in rainbow trout and Paciﬁc hagﬁsh. II. Effects on plasma
catecholamines and erythrocytes, J. Exp. Biol. 199 (1996) 497–507.
[18] N.J. Bernier, S.L. Alderman, E. Bristow, Heads or tails? Stressor-speciﬁc
expression of corticotropin-releasing factor and urotensin I in the preoptic
area and caudal neurosecretory system of rainbow trout, J. Endocrinol. 196
(2008) 637–648.
[19] N.J. Bernier, G. Flik, P.H.M. Klaren, Regulation and contribution of the
corticotropic, melanotropic and thyrotropic axes to the stress response in
ﬁshes, in: N.J. Bernier, G. Van Der Kraak, A.P. Farrell, C.J. Brauner (Eds.), Fish
Physiology vol. 28: Fish Neuroendocrinology, Academic Press, Burlington,
2009, pp. 235–311.
[20] R.G. Boutilier, G. Dobson, U. Hoeger, D.J. Randall, Acute exposure to graded
levels of hypoxia in rainbow trout (Salmo gairdneri): metabolic and respiratory
adaptations, Respir. Physiol. 71 (1988) 69–82.
[21] L. Bräutigam, J.M. Hillmer, I. Söll, G. Hauptmann, Localized expression of
urocortin genes in the developing zebraﬁsh brain, J. Comp. Neurol. 518 (2010)
2978–2995.
[22] B.H. Breier, M.H. Vickers, B.A. Ikenasio, K.Y. Chan, W.P.S. Wong, Fetal
programming of appetite and obesity, Mol. Cell. Endocrinol. 185 (2001) 73–79.
[23] G. Chandrasekar, G. Lauter, G. Hauptmann, Distribution of corticotropinreleasing hormone in the developing zebraﬁsh brain, J. Comp. Neurol. 505
(2007) 337–351.
[24] C.S. Ciuhandu, E.D. Stevens, P.A. Wright, The effect of oxygen on the growth of
Oncorhynchus mykiss embryos with and without a chorion, J. Fish Biol. 67
(2005) 1544–1551.
[25] D.W. Coble, Inﬂuence of water exchange and dissolved oxygen in redds on
survival of steelhead trout embryos, Trans. Am. Fish. Soc. 90 (1961) 469–474.
[26] E.G.T. de Jesus, T. Hirano, Changes in whole body concentrations of cortisol
thyroid hormones, and sex steroids during early development of the chum
salmon, Oncorhynchus keta, Gen. Comp. Endocrinol. 85 (1992) 55–61.
[27] E.E. Deane, N.Y.S. Woo, Ontogeny of thyroid hormones, cortisol, hsp70 and
hsp90 during silver sea bream larval development, Life Sci. 72 (2003) 805–818.

612

M.L.M. Fuzzen et al. / General and Comparative Endocrinology 170 (2011) 604–612

[28] E. Deane, N. Woo, Advances and perspectives on the regulation and expression
of piscine heat shock proteins. Rev. Fish Biol. Fish. (2010). doi: 10.1007/
s11160-010-9164-8.
[29] M.A. Delaney, P.H. Klesius, Hypoxic conditions induce Hsp70 production in
blood, brain and head kidney of juvenile Nile tilapia Oreochromis niloticus (L.),
Aquaculture 236 (2004) 633–644.
[30] R.J. Diaz, D.L. Brietburg, The hypoxic environment, in: J.G. Richards, A.P. Farrell,
C.J. Brauner (Eds.), Fish Physiology, vol 27: Hypoxia, Academic Press,
Burlington, 2009, pp. 1–23.
[31] J.F. Dunn, P.W. Hochachka, Metabolic responses of trout (Salmo gairdneri) to
acute environmental hypoxia, J. Exp. Biol. 123 (1986) 229–242.
[32] G. Feist, C.B. Schreck, Ontogeny of the stress response in chinook salmon
Oncorhynchus tshawytscha, Fish Physiol. Biochem. 25 (2001) 31–40.
[33] G. Flik, P.H. Klaren, E.H. Van den Burg, J.R. Metz, M.O. Huising, CRF and stress in
ﬁsh, Gen. Comp. Endocrinol. 146 (2006) 36–44.
[34] J.N. Fryer, K. Lederis, J. Rivier, Urotensin I, a CRF-like neuropeptide, stimulates
ACTH release from the teleost pituitary, Endocrinology 113 (1983) 2308–2310.
[35] A.K. Gamperl, M.M. Vijayan, C. Pereira, A.P. Farrell, beta -Receptors and stress
protein 70 expression in hypoxic myocardium of rainbow trout and chinook
salmon, Am. J. Physiol. (1998) R428–436.
[36] R.G. Giffard, L. Xu, H. Zhao, W. Carrico, Y. Ouyang, Y. Qiao, R. Sapolsky, G.
Steinberg, B. Hu, M.A. Yenari, Chaperones, protein aggregation, and brain
protection from hypoxic/ischemic injury, J. Exp. Biol. 207 (2004) 3213–3220.
[37] T. Hamor, E.T. Garside, Developmental rate of embryos of Atlantic salmon,
Salmo salar L., in response to various levels of temperature, dissolved oxygen,
and water exchange, Can. J. Zool. 54 (1976) 1912–1917.
[38] F. Hu, E.J. Crespi, R.J. Denver, Programming neuroendocrine stress axis activity
by exposure to glucocorticoids during postembryonic development of the frog,
Xenopus laevis, Endocrinology 149 (2008) 5470–5481.
[39] M. Huising, J.R. Metz, C. van Schooten, A. Taverne-Thiele, T. Hermsen, B.
Verburg-van Kemenade, G. Flik, Structural characterisation of a cyprinid
(Cyprinus carpio L.) CRH, CRH-BP and CRH-R1, and the role of these proteins in
the acute stress response, J. Mol. Endocrinol. 32 (2004) 627–648.
[40] S. Jentoft, J.A. Held, J.A. Malison, T.P. Barry, Ontogeny of the cortisol stress
response in yellow perch (Perca ﬂavescens), Fish. Physiol. Biochem. 26 (2002)
371–378.
[41] M.G. Jonz, C.A. Nurse, Ontogenesis of oxygen chemoreception in aquatic
vertebrates, Resp. Physiol. Neurobiol. 154 (2006) 139–152.
[42] S. Kajimura, K. Aida, C. Duan, Insulin-like growth factor-binding protein-1
(IGFBP-1) mediates hypoxia-induced embryonic growth and developmental
retardation, Proc. Natl. Acad. Sci. USA 102 (2005) 1240–1245.
[43] A. Kapoor, E. Dunn, A. Kostaki, M.H. Andrews, S.G. Matthews, Fetal
programming of hypothalamo–pituitary–adrenal function: prenatal stress
and glucocorticoids, J. Physiol. 572 (2006) 31–44.
[44] W. King, D.L. Berlinsky, Whole-body corticosteroid and plasma cortisol
concentrations in larval and juvenile Atlantic cod Gadus morhua L following
acute stress, Aquaculture Res. 37 (2006) 1282–1289.
[45] A.S. Kitaysky, E.V. Kitaiskaia, J.F. Piatt, J.C. Wingﬁeld, Beneﬁts and costs of
increased levels of corticosterone in seabird chicks, Horm. Behav. 43 (2003)
140–149.
[46] P.H.M. Klaren, Y.S. Wunderink, M. Yúfera, J.M. Mancera, G. Flik, The thyroid
gland and thyroid hormones in Senegalese sole (Solea senegalensis) during
early development and metamorphosis, Gen. Comp. Endocrinol. 155 (2008)
686–694.
[47] A. Korosi, T.Z. Baram, Plasticity of the stress response early in life: mechanisms
and signiﬁcance, Dev Psychobiol. 52 (2010) 661–670.
[48] Z. Lele, S. Engel, P.H. Krone, Hsp47 and hsp70 gene expression is differentially
regulated in a stress- and tissue-speciﬁc manner in zebraﬁsh embryos, Dev.
Genet. 21 (1997) 123–133.
[49] A.L. Lister, G. Van Der Kraak, An investigation into the role of prostaglandins in
zebraﬁsh oocyte maturation and ovulation, Gen. Comp. Endocrinol. 159 (2008)
46–57.
[50] J.C. Liu, L. Wan, M. He, X.S. Cheng, Protection of myocardiocytes against
anoxia-reoxygeneration injury by heat shock protein 70 gene transfection:
experiment with rats, Chin. Med. J. 25 (2007) 3436–3439.
[51] O.P. Love, T.D. Williams, Plasticity in the adrenocortical response of a freeliving vertebrate: the role of pre- and post-natal developmental stress, Horm.
Behav. 54 (2008) 496–505.
[52] W. Lu, L. Dow, S. Gumusgoz, M.J. Brierley, J.M. Warne, C.R. McCrohan, R.J.
Balment, D. Riccardi, Coexpression of corticotropin-releasing hormone and
urotensin I precursor genes in the caudal neurosecretory system of the
euryhaline ﬂounder (Platichthys ﬂesus): a possible shared role in peripheral
regulation, Endocrinology 145 (2004) 5786–5797.
[53] M.J. Meaney, M. Szyf, J.R. Seckl, Epigenetic mechanisms of perinatal
programming of hypothalamic–pituitary–adrenal function and health,
Trends Mol. Med. 13 (2007) 269–277.
[54] C. Methling, N. Aluru, M.M. Vijayan, J.F. Steffensen, Effect of moderate hypoxia
at three acclimation temperatures on stress responses in Atlantic cod with
different haemoglobin types, Comp. Biochem. Physiol. 156 (2010)
485–490.
[55] S.C. Miller, S.E. Reeb, P.A. Wright, T.E. Gillis, Oxygen concentration in the water
boundary layer next to rainbow trout (Oncorhynchus mykiss) embryos is

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]
[77]
[78]

[79]

[80]

[81]

inﬂuenced by hypoxia exposure time, metabolic rate, and water ﬂow, Can. J.
Fish. Aquat. Sci. 65 (2008) 2170–2177.
M.G. Morash, A.B. MacDonald, R.P. Croll, Y. Anini, Molecular cloning, ontogeny
and tissue distribution of zebraﬁsh (Danio rerio) prohormone convertases:
pcsk1 and pcsk2, Gen. Comp. Endocrinol. 162 (2009) 179–187.
C. Parmentier, E. Hameury, I. Lihrmann, J. Taxi, H. Hardin-Pouzet, H. Vaudry, A.
Calas, H. Tostivint, Comparative distribution of the mRNAs encoding urotensin
I and urotensin II in zebraﬁsh, Peptides 29 (2008) 820–829.
P.P.L.M. Pepels, P.H.M. Balm, Ontogeny of corticotropin-releasing factor and of
hypothalamic–pituitary–interrenal axis responsiveness to stress in tilapia
(Oreochromis mossambicus; Teleostei), Gen. Comp. Endocrinol. 139 (2004)
251–265.
R. Pérez-Domínguez, G.J. Holt, Interrenal and thyroid development in red drum
(Sciaenops ocellatus): effects of nursery environment on larval growth and
cortisol concentration during settlement, Gen. Comp. Endocrinol. 146 (2006)
108–118.
N.P. Peterson, T.P. Quinn, Persistence of egg pocket architecture in redds of
chum salmon Oncorhynchus keta, Environ. Biol. Fishes 46 (1996) 243–253.
A.K. Pillai, A.I. Salhanick, C. Terner, Studies of metabolism in embryonic
development V. Biosynthesis of corticosteroids by trout embryos, Gen. Comp.
Endocrinol. 24 (1974) 152–161.
E. Potter, D.P. Behan, W.H. Fischer, E.A. Linton, P.J. Lowry, W.W. Vale, Cloning
and characterization of the cDNAs for human and rat corticotropin-releasing
factor-binding proteins, Nature 349 (1991) 423–426.
T.G. Pottinger, E. Mosuwe, The corticosteroidogenic response of brown and
rainbow trout alevins and fry to environmental stress during a ‘‘critical
period’’, Gen. Comp. Endocrinol. 95 (1994) 350–362.
H.M. Prentice, S.L. Milton, D. Scheurle, P.L. Lutz, The upregulation of cognate
and inducible heat shock proteins in the anoxic turtle brain, J. Cereb. Blood
Flow Metab. 24 (2004) 826–828.
T. Saga, Y. Oota, M. Nozaki, P. Swanson, Salmonid pituitary gonadotrophs, III.
Chronological appearance of GTH I and other adenohypophysial hormones in
the pituitary of the developing rainbow trout (Oncorhynchus mykiss irideus),
Gen. Comp. Endocrinol. 92 (1993) 233–241.
J.R. Seckl, M.S.O.E. Ronald De Kloet, V. Eric, Glucocorticoids, developmental
‘programming’ and the risk of affective dysfunction, Prog. Brain Res. 167
(2007) 17–34.
C. Simontacchi, E. Negrato, M. Pazzaglia, D. Bertotto, C. Poltronieri, G. Radaelli,
Whole-body concentrations of cortisol and sex steroids in white sturgeon
(Acipenser transmontanus, Richardson 1836) during early development and
stress response, Aquaculture Int. 17 (2008) 7–14.
kken, S. Ellefsen, H.K. Larsen, J. Vaage, G.E. Nilsson, Expression of
K.-O. Stenslø
heat shock proteins in anoxic crucian carp (Carassius carassius): support for
cold as a preparatory cue for anoxia, Am. J. Physiol. 298 (2010) R1499–1508.
S.W. Sutton, D.P. Behan, S.L. Lahrichi, R. Kaiser, A. Corrigan, P. Lowry, E. Potter,
M.H. Perrin, J. Rivier, W.W. Vale, Ligand requirements of the human
corticotropin-releasing factor-binding protein, Endocrinology 136 (1995)
1097–1102.
M. Suzuki, P. Bennett, A. Levy, B.I. Baker, Expression of MCH and POMC genes
in rainbow trout (Oncorhynchus mykiss) during ontogeny and in response to
early physiological challenges, Gen. Comp. Endocrinol. 107 (1997) 341–350.
M. Szyf, I. Weaver, M. Meaney, Maternal care, the epigenome and phenotypic
differences in behavior, Reprod. Toxicol. 24 (2007) 9–19.
H. Takle, G. Baeverfjord, M. Lunde, K. Kolstad, Ø. Andersen, The effect of heat
and cold exposure on HSP70 expression and development of deformities
during embryogenesis of Atlantic salmon (Salmo salar), Aquaculture 249
(2005) 515–524.
T.T. To, S. Hahner, G. Nica, K.B. Rohr, M. Hammerschmidt, C. Winkler, B. Allolio,
Pituitary–interrenal interaction in zebraﬁsh interrenal organ development,
Mol. Endocrinol. 21 (2007) 472–485.
L.M.P. Valente, P. Saglio, L.M. Cunha, B. Fauconneau, Feeding behaviour of fastand slow-growing strains of rainbow trout, Oncorhynchus mykiss (Walbaum)
during ﬁrst feeding, Aquaculture Res. 32 (2001) 471–480.
P.A. Veillette, X. Serrano, M.M. Garcia, J.L. Specker, Evidence for the onset of
feedback regulation of cortisol in larval summer ﬂounder, Gen. Comp.
Endocrinol. 154 (2007) 105–110.
J.-M. Vernier, Chronological table of the embryonic development of rainbow
trout, Annales D’embryologie et de Morphogenese 2 (1969) 495–520.
M. Weinstock, The long-term behavioural consequences of prenatal stress,
Neurosci Behav Rev 32 (2008) 1073–1086.
M.M. Weld, J.N. Fryer, J. Rivier, K. Lederis, Inhibition of CRF- and urotensin Istimulated ACTH release from goldﬁsh pituitary columns by the CRF analogue
a-helical CRF-(9–41), Reg. Peptides 19 (1987) 273–280.
N.J. Westphal, A.F. Seasholtz, CRH-BP: the regulation and function of a
phylogenetically conserved binding protein, Front. Biosci. 11 (2006) 1878–
1891.
R.S.S. Wu, Effects of hypoxia on ﬁsh reproduction and development, in: J.G.
Richards, A.P. Farell, C.J. Brauner (Eds.), Fish Physiology, vol. 27: Hypoxia,
Academic Press, Burlington, 2009, pp. 79–141.
D. Zhang, J. Li, M. Costa, J. Gao, C. Huang, JNK1 mediates degradation HIF-1a by
a VHL-independent mechanism that involves the chaperones Hsp90/Hsp70,
Cancer Res. 70 (2010) 813–823.

