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Abstract
Maternal stress during pregnancy adversely affects developmental fetal programming. Glucocorticoid excess is one of those
conditions that underlie the prenatal stress and can lead to many pathological disorders later in life. Beyond the obvious use of
mammalian model organisms to uncover the different mechanisms at the basis of prenatal stress effects, zebrafish represents a
complementary fruitful model for this research field. Here we demonstrated that the application of an experimental paradigm,
which simulates prenatal stress by exposing embryos to cortisol excess, produced an alteration of gene expression pattern. In
particular, the transcript level of hsd11b2, a gene involved in the cortisol catabolism, was affected in prenatally stressed larvae,
even after many hours from the removal of cortisol excess. Interestingly, the expression pattern of c-fos, a marker gene of neural
activity, was affected in prenatally stressed larvae even in response to a swirling and osmotic stress challenge. Our data
corroborate the idea of zebrafish as a useful model organism to study prenatal stress effects on vertebrate development.

Keywords Prenatal stress . Zebrafish . c-fos . hsd11b2 . Cortisol

Introduction

Physiological disorders could have a fetal origin when, in case
of maternal stress during gestation, an adverse intrauterine
environment is established, which can affect fetal brain devel-
opment and potentially lead to various pathological conditions
later in life. The developmental origins of diseases were stig-
matized by the Barker theory, also known as “fetal origins”
hypothesis (Barker and Osmond 1986; Barker and Osmond
1988; Barker et al. 1989; Barker 1998). During prenatal de-
velopment, maternal stress, like a psychological status (i.e.,
stress, anxiety, and depression), has been shown to be associ-
ated with the development of a wide variety of behavioral and
physiological disorders in the offspring (Monk et al. 2012;
Schuurmans and Kurrasch 2013). The brain is one of the crit-
ical targets of stressors and is also the central organ responsi-
ble for stress responses; in this regard, the sustained high
levels of glucocorticoids during maternal stress can lead to
profound deleterious alteration of brain structure and function-
ing (Harris and Seckl 2011; McEwen 2008). These effects can
depend on glucocorticoids regulation of expression patterns of
several key molecules involved in neuronal development
(Drake et al. 2007). A well-known target of prenatal stress is
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the hypothalamus-pituitary-adrenal axis (HPA axis) that is a
fundamental mediator of stress response through the release of
glucocorticoids. Prenatal stress, through relatively high level
of glucocorticoids exposure, alters HPA axis development and
function, leading to a heightened HPA axis sensitivity to
stressful events in later life and, consequently, to permanently
increased levels of glucocorticoids in offspring; this altered
HPA axis activity enhances vulnerability to various neurobe-
havioral, neuropsychological, and neuropsychiatric disorders
in postnatal life (Harris and Seckl 2011; Cottrell and Seckl
2009; Seckl and Meaney 2004; Bruin et al. 2010). Gene reg-
ulatory mechanisms are essential for proper development and
function of the brain and are used to allow a fine adaptation of
the nervous system to changes in the environment. Many ex-
amples of gene dysregulation because of prenatal stress have
been produced and, in some cases, a clear role of epigenetic
modifications has been shown (Gudsnuk and Champagne
2012). The long-term consequences of maternal stress during
gestation for offspring neurobiological and physiological
functioning have been previously studied in rodents. The need
for an alternative and complementary experimental model to
explore mechanisms underlying the prenatal stress effects was
clearly discussed by Steenbergen et al. (2011). They highlight-
ed some limits in the rodent model that may be overcome
using the zebrafish model, which shares extensive similarities
of the stress response with mammals in terms of anatomy,
connectivity, and molecular constituents (Steenbergen et al.
2011), as exemplified by the homology and functional corre-
spondence between mammalian HPA axis and zebrafish
hypothalamic-pituitary-interrenal (HPI) axis (Alsop and
Vijayan 2008; Alsop and Vijayan 2009a; Alsop and Vijayan
2009b). In support of the use of zebrafish as a model for
prenatal stress studies, it was shown that cortisol microinjec-
tion into the yolk at one cell stage altered primary
neurogenesis affecting early zebrafish brain development
and behavioral phenotype at larval stages (Best et al. 2017).
An experimental paradigm of prenatal stress in zebrafish was
proposed by Steenbergen et al. (2011), in which a high level of
maternal stress was mimicked by exposing newly fertilized
eggs to high concentrations of synthetic corticosteroids during
the first 2 days of embryogenesis; this prenatal stress condition
produced a long-lasting impact on behavior in the offspring
larvae (Steenbergen et al. 2011). Here we report that the ap-
plication of this prenatal stress, induced by glucocorticoid
excess, is able to affect gene expression pattern during em-
bryogenesis and in larvae after swirling stress and osmotic
stress, supporting the validity of that experimental paradigm
in the zebrafish model organism. In particular, we assessed the
effect of these stresses on the mRNA levels of two genes,
hydroxysteroid 11-beta dehydrogenase 2 (hsd11b2) and c-
fos, genes involved in the cortisol catabolism (Wilson et al.
2013) and a marker of neural activity (Stewart et al. 2014),
respectively.

Materials and methods

Ethics statement

The animal protocol for this study was approved by the
Animal Care Review Board of the University of Naples
Federico II (PROT. 2014/0020464).

Animals

Wild-type zebrafish were obtained from a local pet shop and
housed in mixed-sex groups in static tanks (about 2 L/fish)
with airlift-driven at 28.5 °C with a photoperiod of 14-h light
(9:00 am–11:00 pm) and 10-h dark. The fish were fed two
times daily with a mixture of tropical fish flakes and
Artemia shrimps.

Prenatal stress paradigm

Fertilized eggs were obtained by natural spawning and incu-
bated at 28.5 °C in 6-well plates containing embryo medium
(25 eggs/well). To simulate prenatal stress, cortisol (H0888;
Sigma-Aldrich®,Milan, Italy) dissolved in DMSOwas added
to embryo medium at a final concentration of 100 μM.
Control zebrafish embryos were kept in embryo medium with
an equal amount of DMSO (0.33%). Embryo medium + cor-
tisol (or DMSO alone) was exchanged after 24 h with fresh
embryo medium containing the respective treatment regimen.
Embryos were exposed to cortisol (or DMSO alone) for a total
time of 48 h after fertilization as reported in Steenbergen et al.
(2011). After that, embryo medium + cortisol (or DMSO
alone) was replaced with fresh embryo medium alone.
Embryos/larvae at 48, 72, and 96 h post-fertilization (hpf)
were anesthetized with 0.016% tricaine (A5040; Sigma-
Aldrich®, Milan, Italy) and kept in ice for 1 min, then trans-
ferred in 2-mL tubes and snap frozen for RNA extraction. All
the experiments were carried out in three biological replicates.

Embryos viability, hatching, and morphological
analysis

Effects of the prenatal stress were assessed by evaluating dif-
ferent developmental features of prenatally stressed embryos/
larvae versus control. Embryos viability was assessed by
counting the number of live embryos at 24, 48, 72, and
96 hpf. Chorion self-hatch rate was assessed by counting the
number of embryos that had hatched at 24, 48, 72, and 96 hpf.
The morphological analysis included body length, swim blad-
der inflation, and yolk sac size. The analysis was performed
by imaging 96 hpf larvae under a bright-field microscope and
using ImageJ software.
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Swirling and osmotic challenge

Larvae at 5 days post-fertilization (dpf, about 99 hpf) were
subjected to a physical stressor (swirling stress) or osmotic
stress for the analyses of prenatal stress effect on gene expres-
sion after stress challenge. For the swirling stress, 5 pools of
cortisol-treated larvae and 5 pools of control larvae (25 larvae/
pool) were transferred from the 6-well plates to a 50-mL bea-
ker containing 10 mL of embryo medium and kept in a
28.5 °C incubator for 1.5 h before the challenge. After that,
larvae were subjected to swirling stress at 250 rpm for 90 s by
means of orbital shaker (ORBITAL SHAKER SO3, Stuart
Scientific, UK). Subsequently, the larvae were collected at
different time points (5 min, 10 min, 30 min, and 60 min) after
the stress. Control samples were taken before applying the
swirling stress (0 min). For the osmotic stress, 1 pool of
cortisol-treated larvae and 1 pool of control larvae (25 lar-
vae/pool) were transferred in embryo medium supplemented
with NaCl to a final concentration of 0.56 M for 30 min.
Corresponding control samples for the osmotic stress were
obtained by transferring 1 pool of cortisol-treated larvae and
1 pool of control larvae (25 larvae/pool) in fresh embryo me-
dium and collected in parallel with treated larvae. The larvae
were anesthetized with 0.016% tricaine (Sigma-Aldrich®,
Milan, Italy) and kept in ice for 1 min, then transferred in
2-mL tubes and snap-frozen for RNA extraction. All swirling
and osmotic challenge experiments were carried out at the
same time of day (12 pm). All the experiments were carried
out in three biological replicates.

RNA extraction and qPCR analysis

Total RNA from embryos and larvae was isolated using the
Trizol® reagent (Invitrogen™, Monza, Italy) as reported by
the manufacturer. The RNA was quantified by NanoDrop
1000 (Thermo Scientific, Wilmington, DE) and quality
checked by 260/280 and 260/230 ratios, whereas integrity
was evaluated by agarose gel electrophoresis. First strand
cDNAwas synthesized from 1 μg of total RNA in 20 μL of
total volume reaction with High-Capacity cDNA Reverse
Transcription Kit (Life Technologies™, Monza, Italy); after-
ward, it was diluted to 50 μL. Two microliters of diluted
cDNAwas used for each reaction of the qPCR analysis. The
primers used for the expression pattern analysis were as fol-
lows: for c-fos gene (ENSDARG00000031683), forward (5′-
GTGCAGCACGGCTTCACCGA-3′) and reverse (5′-TTGA
GCTGCGCCGTTGGAGG-3 ′ ) ; for hsd11b2 gene
(ENSDARG00000001975 ) , f o rwa rd (5 ′ -GGGG
GTCAAAGTTTCCACTA-3′) and reverse (5′-TGGA
AGAGCTCCTTGGTCTC-3′); for actb2 gene (reference
gene, ENSDARG00000037870), forward (5′-AAGG
CCAACAGGGAAAAGAT-3′) and reverse (5′-GTGG
TACGACCGGAGGCATAC-3′). All the primers were used

at a final concentration of 400 nM in the qPCR reaction vol-
ume of 15 μL. The gene expression analysis was performed
by the use of SYBR Green PCR master mix (Life
Technologies™, Monza, Italy) in the Applied Biosystem
7500 real-time PCR System (Life Technologies™, Monza,
Italy). The following amplification conditions were used:
holding the stage at 95 °C for 10′, 40 cycles of 95 °C for
30″, 58 °C for 35″, 72 °C for 40″ (signal detection at this step),
followed by melt curve analysis to check amplification spec-
ificity. qPCR reactions were performed in two technical rep-
licates for each sample. The mean of technical replicates was
used for the fold change calculation and for the statistical
analysis. In particular, the fold change was calculated by the
efficiency-correctedΔΔCt method. The qPCR efficiency (E)
was evaluated by means of standard curve method and calcu-
lated from the slope: E = (10−1/slope−1) × 100 (Ec-fos = 99.0%,
Ehsd11b2 = 90.0%, Eactb2 = 99.5).

Statistical significance was tested by using the REST2009
software with 10,000 iterations and the cutoff for significance
was P = 0.05 (Pfaffl et al. 2002).

Results

Embryo viability, spontaneous hatching,
and morphological analysis

As a starting point, we assessed the effect of cortisol treatment
on different developmental landmarks. First of all, we deter-
mined the percentage of survival of prenatally stressed embry-
os compared to vehicle-treated controls. No significant differ-
ences were observed at any analyzed developmental stage
(Fig. 1a). Another considered landmark was the spontaneous
chorion hatching. In this case, we observed an increase of
hatching rate for prenatally stressed embryos (52.8 ± 4.1%)
over the control (13.9 ± 2.7%) at 48 hpf (Fig. 1b). Finally,
no significant differences were revealed between prenatally
stressed 96 hpf larvae and control larvae under various mor-
phological features such as body length, swim bladder infla-
tion, and yolk sac size (Fig. 1c). Overall, these results demon-
strated that cortisol treatment did not evidently affect embry-
onic development.

Effect of prenatal stress on the transcript level
of a stress-related gene

In order to evaluate the efficacy of cortisol treatment, we an-
alyzed the transcript level of hsd11b2 gene. In fact, this gene
encodes for a protein involved in the cortisol catabolism and it
is known to be induced after cortisol challenge (Tokarz et al.
2013). We evaluated the transcript level by means of RT-
qPCR at the end of cortisol treatment (48 hpf, hatching stage).
As shown in Fig. 2, the mRNA level of prenatally stressed
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embryos resulted in 5.8-folds higher than control embryos at
the end of cortisol treatment. Different transcript levels were
also revealed after cortisol removal in the post-treatment peri-
od. In particular, we analyzed the hsd11b2 gene expression at
two post-treatment time points. One of that represents the time
point used by Steenbergen et al. (2011) to perform a behav-
ioral test (96 hpf or 5 dpf). At this time point, we revealed a
higher level of hsd11b2 mRNA in prenatally stressed larvae
compared to control (Fig. 2). We also revealed a change in the
expression pattern at 72 hpf, which represents a middle time
point in the cortisol-free period, spanning between the end of
cortisol treatment (48 hpf) and the 96 hpf stage. In particular,
we observed a decrease of hsd11b2 mRNA in prenatally
stressed larvae compared to control (Fig. 2).

Effect of prenatal stress on the transcript level
of a neuronal activity marker gene

c-fos is considered an immediate early gene whose transcript
level increases after neuronal activation (Stewart et al. 2014)
and is often used as a mirror of brain activity. In fact, the
analysis of c-fos mRNA level in zebrafish larvae under
swirling stress condition revealed a significant increase of
the transcript amount after 10 min following the end of the
stress treatment (CTRL in the Fig. 3b). In order to assess if
cortisol treatment affected c-fos expression pattern during
zebrafish development, we performed RT-qPCR analysis at
the same time points used for hsd11b2 gene. In prenatally
stressed embryos, we found an altered c-fos mRNA level at

Fig. 2 mRNA expression pattern
by means of RT-qPCR for
hsd11b2 gene in prenatal stress
condition. The analysis was
carried out at different
developmental stages indicated as
hours post-fertilization (hpf). The
mRNA level was reported as fold
change by using actb2 as a
reference gene and control 48 hpf
embryos as a calibrator. CTRL,
control embryos/larvae; PS,
prenatally stressed embryo/larvae.
Data are reported as mean ± SEM.
*Significant differences as
determined by REST2009
(P < 0.05)

Fig. 1 Effect of prenatal stress on different developmental landmarks.
Percentage of survival (a) and hatching (b) determined at different
developmental stages indicated as hours post-fertilization (hpf). c

Lateral view of larvae at 96 hpf. CTRL, control embryos/larvae; PS,
prenatally stressed embryos/larvae. Data are reported as mean ± SEM
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the end of cortisol treatment, when higher transcript level was
revealed compared to control embryos (Fig. 3a). In the post-
treatment period, no difference was present at 72 hpf, whereas
higher level in prenatally stressed larvae, as compared to con-
trols, was detected at 96 hpf (Fig. 3a). The latter is particularly
interesting since it highlighted a long-lasting effect of cortisol
treatment on the expression of c-fos gene that might reflect a
fine perturbation in the zebrafish brain development. In fact,
when prenatally stressed larvae were subjected to swirling
stress, we detected no significant changes in c-fos levels after
swirling stress in larvae grown in cortisol excess (Fig. 3b). In
order to confirm the different response observed between pre-
natally stressed and control larvae, we carried out an addition-
al challenge paradigm, i.e., an osmotic stress experiment. As
shown in Fig. 3c, the expression level of c-fos increased in
control larvae as a consequence of the osmotic stress. In par-
allel, the prenatally stressed larvae showed an increased c-fos
level significantly higher than the level detected in the control
larvae, corroborating the idea of an affected ability of prena-
tally stressed larvae to properly respond the different
challenges.

Discussion

During the lifetime of an organism, cells forming tissues and
organs can be affected by several types of intrinsic and extrin-
sic stresses (Alessio et al. 2018). Among these, prenatal stress
refers to an adverse intrauterine environment that can exert
profound rewriting of the developmental program of the fetus
and that leads to different pathological conditions later in life.
Maternal glucocorticoids excess can alter developmental tra-
jectories, affecting normal development and function of vari-
ous organs, the brain among them (Harris and Seckl 2011).
The vast majority of information on prenatal stress effects has
been acquired on mammalian organisms; in particular, rodent
models, thanks to their strong similarity to humans at cellular
and molecular levels, allowed to explore molecular mecha-
nisms involved in gene expression regulation that may medi-
ate the long-lasting effects of prenatal stress. In agreement
with Steenbergen et al. (2011), we underline the need of a
complementary and less complex model organism for those
fields, such as stress studies, where the control of experimental
conditions for rodent organisms could be very difficult.

Fig. 3 mRNA expression by means of RT-qPCR for the c-fos gene in
response to prenatal stress and after swirling and osmotic stress
challenges. a Prenatal stress condition. The analysis was carried out at
different developmental stages indicated as hours post-fertilization (hpf).
The mRNA level was reported as fold change by using actb2 as a
reference gene and control 48 hpf embryos as a calibrator. b Swirling
stress condition. The analysis was carried out on larvae at 5 dpf
(99 hpf). Time after stressor was indicated as minutes (0′ and 10′). The
mRNA level was reported as fold change by using actb2 as a reference

gene and non-stressed larvae as a calibrator (indicated as 0′). c Osmotic
stress condition. The analysis was carried out on larvae at 5 dpf (99 hpf).
Time after stressor was indicated as minutes (30′), while 0′ represent
control larvae maintained in only embryo medium and not submitted to
osmotic stress. The mRNA level was reported as fold change by using
actb2 as a reference gene and non-stressed larvae as a calibrator (indicated
as 0′). Data are reported as mean ± SEM. *Significant differences as
determined by REST2009 (P < 0.05)
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Complementary and less complex model organisms are useful
tools to uncover different aspects of the molecular mecha-
nisms underlying compromised (stress-exposed) brain devel-
opment. Currently, zebrafish represents one of the most pop-
ular model organisms, which is employed in many research
fields based on different characteristics. Our own experience
showed a high degree of evolutionary conservation of gene
expression pattern for relaxin ligand/receptor system between
zebrafish and mammals, highlighting its suitability for the
study of mechanisms underlying gene expression regulation
during embryonic development (Donizetti et al. 2008;
Donizetti et al. 2009; Donizetti et al. 2010; Fiengo et al.
2012; Fiengo et al. 2013; Donizetti et al. 2015a; Donizetti
et al. 2015b; Venditti et al. 2018). In the case of the stress
research field, a key feature is a large similarity between
zebrafish and mammals in those neural anatomo-functional
elements involved in stress response, among which a well-
known is represented by HPA/HPI axis (Alsop and Vijayan
2008; Alsop and Vijayan 2009a; Alsop and Vijayan 2009b).
In addition, in our laboratory, we characterized a new brain
structure involved in stress response, the nucleus incertus,
which has been hypothesized in zebrafish (Donizetti et al.
2008), corroborating the idea that it could be a powerful model
in the stress research field. In the present paper, we investigat-
ed the effect of prenatal stress in zebrafish larvae by reproduc-
ing the experimental design reported in Steenbergen et al.
(2011). In that article, the authors reported the simulation of
prenatal stress bymeans of glucocorticoids excess exposure of
fertilized eggs for the first 2 days of development, a period
during which embryos are exclusively exposed to maternally
derived stress hormones; interestingly, they showed that al-
though prenatally stressed larvae had similar growth index
and basal locomotor activity compared to control larvae, their
responsiveness to a behavioral test was different with a signif-
icant blunt response for those specimens exposed to a high
dose of glucocorticoids (Steenbergen et al. 2011). The analy-
sis of vitality showed no significant differences between pre-
natally stressed and control embryos/larvae. On the contrary,
prenatally stressed embryos showed a higher percentage of
hatching at 48 hpf compared to control. Our results are in
agreement with those obtained by Wilson et al. (2013), who
showed an increased proportion of hatched embryos at 48 hpf
when incubated in dexamethasone, likely because of different
hatching gland maturation. This correspondence provided a
preliminary evidence of the efficacy of the cortisol treatment.
For what concerns morphological features, the 96 hpf prena-
tally stressed larvae appeared similar to the control larvae in
terms of swim bladder inflation and body length, showing no
difference in growth index as also reported by Steenbergen
et al. (2011). We additionally assessed the size of the yolk
sac and also in this case, no difference was revealed between
96 hpf prenatally stressed and control larvae. Despite those
similarities between prenatally stressed and control embryos/

larvae, a different scenario was revealed looking at gene ex-
pression pattern. We observed that significant differences are
detected in the mRNA level of two genes, chosen based on
their specific involvement in stress response. The first one is
hsd11b2, a gene encoding for 11βHSD2, which catalyzes the
oxidation of cortisol leading to its inactivation. This enzyme is
likely involved in controlling the disposal of cortisol, whose
level is regulated by a fine balance between biosynthesis and
catabolism (Wilson et al. 2013; Alderman and Vijayan 2012;
Tokarz et al. 2012, 2013). During zebrafish embryogenesis,
hsd11b2 mRNA level increases significantly from 48 to
72 hpf (Wilson et al. 2013) and is upregulated by cortisol
excess (Tokarz et al. 2013). Similarly, we found an increased
level of hsd11b2 mRNA from 48 hpf in control embryos/
larvae and an upregulation of gene expression in the prenatally
stressed embryo at 48 hpf (Fig. 2). Tokartz et al. (2013)
showed that after 24 h post-treatment in the 48 hpf embryos,
the induction of hsd11b2 was even higher and decreased to
normal level at 72 hpf, 48 h after the cortisol challenge.
Interestingly, in our case, where the cortisol challenge was
carried out for 48 h, the hsd11b2 mRNA level was lower in
prenatally stressed larvae than controls at 72 hpf (24 h after
cortisol removal) and resulted particularly dysregulated at
96 hpf (48 h after cortisol removal), when prenatally stressed
larvae showed higher transcript level than the controls (Fig. 2).
In zebrafish, the HPI axis can respond to stressor starting at
72/96 hpf, when osmotic stress (Alderman and Bernier 2009)
or swirling stress (Alsop and Vijayan 2008) is able to induce
cortisol increase. Until these time points, zebrafish is unable to
increase cortisol level, suggesting for the existence of an ana-
log of the stress-hyporesponsive period (SHRP) (Steenbergen
et al. 2011). Our results showed a decreased expression level
of hsd11b2 in prenatally stressed embryos/larvae at 72 hpf that
might be explained by an alteration of the components of HPI
axis affecting the time window of SHRP around the 72 hpf. In
this regard, further experiments are needed to better investi-
gate this hypothesis. For what concern the altered expression
pattern at 96 hpf, we may consider it as a long-lasting effect on
the hsd11b2 transcript level that further corroborated the effi-
cacy of the cortisol treatment and showed that prenatal stress
affected the development of zebrafish. To further investigate
this perturbation, we extended our analysis to another gene, c-
fos. It is an immediate early gene that is often used as a marker
of neural activity; in fact, it is upregulated in different chal-
lenge conditions (Stewart et al. 2014). In this regard, the anal-
ysis of c-fos expression is particularly informative at 96 hpf,
when zebrafish brain reaches a proper level of maturation and
it can be used as a useful tool for various stress tests, so c-fos
may represent a mirror of neuronal activity. In addition, we
analyzed the expression of c-fos at the same time points used
for hsd11b2 gene, in order to assess if cortisol treatment may
affect its expression at early time points. The analysis of ex-
pression pattern in the prenatal stress paradigm revealed that
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embryos that were raised in cortisol excess for 48 h showed
higher transcript level than the controls, whereas no difference
was detected after 24 h of cortisol-free period (72 hpf), when
we revealed a relatively low level of expression in both control
and prenatally stressed larvae (Fig. 3a). After 48 h from cor-
tisol challenge (96 hpf), an upregulated gene expression was
evident in prenatally stressed larvae (96 hpf) (Fig. 3a). As
aforementioned for hsd11b2 gene, the different expression
patterns of c-fos observed at these different time points might
be related to the development of the HPI axis and to the emer-
gence time from SHRP. As expected, the c-fos level increased
in response to swirling stress in normally grown control larvae
after 10 min from the end of the challenge (Fig. 3b). On the
contrary, this transcript increases resulted in blunted in prena-
tally stressed larvae (Fig. 3b). Interestingly, in the osmotic
stress paradigm, we observed that control and prenatally
stressed larvae responded to the challenge by increasing c-
fos expression level (Fig. 3c). Worthy of note, the increased
level of c-fos mRNA was significantly higher in prenatally
stressed larvae than in control. This data represents a symp-
tomatic effect that supports the idea of an altered ability of
prenatally stress larvae to properly respond to stress chal-
lenges. Taken together, the analyses of hsd11b2 and c-fos gene
expression pattern intriguingly showed that the prenatal stress
condition altered their transcript levels during cortisol treat-
ment, and that, in addition, this alteration is a long-lasting
change still present in 5 dpf larvae. This developmental time
is particularly interesting, since it is the time when the brain
development reaches an enough grade of maturation to allow
the zebrafish larvae to response to different environmental
stimuli. In fact, at this developmental stage, when prenatally
stressed larvae were subjected to swirling stress or osmotic
stress, c-fos expression induction appeared different from that
observed in control larvae. In conclusion, in this paper, we
confirmed that hsd11b2 and c-fos gene expression is modulat-
ed in response to cortisol treatment, so we may hypothesize
that they could be used as useful markers to study the effects
of stress conditions. Moreover, we added further insights on
the use of zebrafish as a model for prenatal stress studies.

Compliance with ethical standards The animal protocol for
this study was approved by the Animal Care Review Board of the
University of Naples Federico II (PROT. 2014/0020464).
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