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Cortisol dynamics and GR-dependent feedback regulation in
zebrafish larvae exposed to repeated stress

Luis A. Castillo-Ramirez" 2, Soojin Ryu"?3* and Rodrigo J. De Marco’%4*

ABSTRACT

Zebrafish larvae show a rapid increase in cortisol in response to
acute stressors, followed by a decline. While these responses
are documented, both the duration of the refractory period to
repeated stressors and the role of glucocorticoid receptors (GR) in
specific phases of the glucocorticoid negative feedback are still
being clarified. We explored these questions using water vortices as
stressors, combined with GR blockage and measurements of whole-
body cortisol in zebrafish larvae subjected to single and repeated
stress protocols. Cortisol levels were elevated 10 min after stress
onset and returned to baseline within 30-40 min, depending on the
stressor strength. In response to homotypic stress, cortisol levels
rose above baseline if the second stressor occurred 60 or 120 min
after the first, but not with a 30-min interval. This suggests a rapid
cortisol-mediated feedback loop with a refractory period of at least
30 min. Treatment with a GR blocker delayed the return to baseline
and suppressed the refractory period, indicating GR-dependent
early-phase feedback regulation. These findings are consistent with
mammalian models and provide a framework for further analyses of
early-life cortisol responses and feedback in zebrafish larvae, ideal
for non-invasive imaging and high-throughput screening.

KEY WORDS: Cortisol response, Refractory period, Glucocorticoid
negative feedback, Glucocorticoid receptor antagonist, Zebrafish
larvae

INTRODUCTION

Glucocorticoids (GCs) are steroid hormones crucial for managing
stress and aiding bodily adaptation to challenge (de Kloet et al.,
1998; McEwen, 2007). Beyond their role in stress response, they are
involved in metabolism, maintenance of water and electrolyte
balance, immune response, growth, cardiovascular function, mood,
cognitive processes, reproduction, and development. GCs are
primarily produced in the adrenal cortex, alongside aldosterone
and dehydro-epi-androsterone, all derived from cholesterol.
Additionally, GCs are synthesized in extra-adrenal sites such as
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the thymus, brain, and epithelial barriers, where they exert localized
effects, contributing to spatial specificity in steroid actions,
independently of systemic and stress-induced variations (see
Timmermans et al., 2019 for a recent review).

In both mammals and zebrafish, GCs are regulated by the
hypothalamic-pituitary-adrenal (HPA) axis and the homologous
hypothalamic-pituitary-interrenal (HPI) axis, respectively. The
HPA axis in mammals is homologous to the HPI axis in
zebrafish, making zebrafish a valuable model for stress research
(Alsop and Vijayan, 2008, 2009; Egan et al., 2009; Champagne and
Richardson, 2013; Biran et al., 2015; Eachus et al., 2021; Tan et al.,
2022; Swaminathan et al., 2023; Herget et al., 2023). Both
mammals and zebrafish process stress signals through analogous
centres and key neuropeptides. Corticotropin-releasing hormone
(CRH) from the nucleus preopticus (NPO) (Herget et al., 2014),
homologous to the mammalian paraventricular nucleus (PVN),
triggers the release of adrenocorticotropic hormone (ACTH)
(Alderman and Bernier, 2009). ACTH then stimulates the
interrenal gland, the fish analogue of the adrenal gland, to release
GCs like cortisol, a process known as glucocorticoid reactivity
(GCRr). GCs target the brain and periphery, facilitating stress
adaptation (Munck et al., 1984; Chrousos, 1998).

A key aspect of GC regulation is the negative feedback loop (GC-
NF), wherein GCs inhibit the release of CRH and ACTH to
normalize GC levels after stress (Dallman and Yates, 1969; de Kloet
et al., 1998; Dallman et al., 1994; Charmandari et al., 2005). This
feedback mechanism is crucial for preventing excessive GC effects
and maintaining neuroendocrine balance (Lightman and Conway-
Campbell, 2010; Gjerstad et al., 2018; McEwen, 2007; Ulrich-Lai
and Herman, 2009; Lupien et al., 2009; de Kloet and Joéls, 2023).
GC-NF operates across different timescales, involves both genomic
and non-genomic pathways, and relies on GCs binding to
glucocorticoid receptors (GR) and mineralocorticoid receptors
(MR) in the hypothalamus and pituitary to inhibit CRH and ACTH
release (Kim and Iremonger, 2019; Shipston, 2022; Dallman, 2005;
Evanson et al., 2010; Tasker and Herman, 2011; Joéls et al., 2013).

In zebrafish larvae, GR and MR genes are expressed as early as 2-
and 4-days post-fertilization (dpf), respectively (Alsop and Vijayan,
2008). Studies indicate that disruptions in GR function and
alterations in cortisol levels affect baseline cortisol and GCgr
(Griffiths et al., 2012; Wilson et al., 2013; Castillo-Ramirez et al.,
2019; Nagpal et al., 2024; De Marco et al., 2013). These findings
have established the zebrafish larva as a valuable model for studying
cortisol response dynamics and stress mechanisms, offering both
practical and biological advantages (Eachus et al., 2021; Tan et al.,
2022; Swaminathan et al., 2023). The stress response system in
zebrafish is highly conserved with that of mammals, making it a
powerful model for investigating early life stress and its effects on
brain and behaviour. Furthermore, zebrafish embryos develop
externally, enabling high-throughput experiments and controlled
manipulation of stress pathways that are less accessible in
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mammalian models. The early expression of GR and MR provides a
critical window to examine how disruptions in these receptors
affect cortisol regulation during development, a key element in
understanding stress-related pathologies. Exploring these dynamics
in zebrafish larvae provides comparative insights into GC feedback
regulation, stress adaptation, and responses to repeated stress,
enhancing our understanding alongside mammalian studies. This
comparative approach supports both basic and translational research.

Despite these advances, important gaps remain in our
understanding of cortisol response dynamics in zebrafish larvae.
Notably, the refractory period, the interval between repeated stressor
exposures that allows for cortisol elevation, and the role of GR
during the early phase of GC-NF are still largely underexplored.
While GR-dependent feedback mechanisms are well established in
mammals, their function and timing in zebrafish larvae need further
analysis. The early phase of GC-NF occurs within minutes and
involves rapid GR-mediated inhibition of hormone secretion, as
shown in anterior pituitary cells. This fast, GR-driven feedback is
crucial as it enables the pituitary to respond dynamically to varying
glucocorticoid pulses under both stress and non-stress conditions
(Shipston, 2022). Additionally, while classical genomic pathways
are recognized, emerging evidence underscores the significance
of non-genomic mechanisms, such as modulation of membrane
excitability and calcium signalling, in early GC inhibition. These
mechanisms may involve both classical and membrane-associated
GR, with potential crosstalk between genomic and non-genomic
pathways that demand further exploration (Kim and Iremonger,
2019). Specitfying the refractory period is necessary for optimizing
experimental designs aimed at studying stress recovery and
adaptation. It can enhance high-throughput behavioural assays,
optogenetic manipulations, and transcriptomic or proteomic
analyses, ultimately contributing to a more comprehensive
understanding of cortisol response dynamics in zebrafish larvae.

To address these gaps, we tested two hypotheses using controlled
water vortices as stressors (Castillo-Ramirez et al., 2019), alongside
GR blockage, measuring GCr under single and repeated stress
protocols. First, we hypothesized that encountering the same acute
stressor twice would result in a diminished GCyg, with the reduction
depending on the interval between exposures. We predicted that
shorter intervals between stress exposures would lead to a more
significant reduction in GCg, aiming to approximate the length of
the refractory period. Our results confirmed this. The second exposure
to the same stressor diminished GCg, with more pronounced
reductions occurring at shorter intervals. Second, we hypothesized
that blocking GR during the refractory period would alter cortisol
response dynamics. We predicted that larvae treated with the GR
blocker Mifepristone would show a higher GCy to the second
stress exposure compared to controls. The results revealed that
Mifepristone-treated larvae showed prolonged cortisol release but
retained GCpg, unlike controls, suggesting that GR plays a key role
in the early phase of GC-NF in zebrafish larvae. These findings
establish a foundation for future research that links early HPI axis
activation patterns with GC regulation.

RESULTS

Cortisol reactivity in response to single and repeated stress
Zebrafish larvae adapt to water vortex flows through rheotaxis, a
behaviour where they orient themselves against the current, which
imposes high energy demands and can activate the HPI axis. In
previous work (Castillo-Ramirez et al., 2019), we showed that
controlled vortex flows at specific revolutions per minute (rpm)
induce a rapid and significant rise in cortisol levels, unlike

conditions without flow, establishing it as an effective stressor.
Although we have not directly measured the metabolic or
cardiorespiratory effects of vortex exposure, elevated cortisol
levels indicate considerable energy demands and physiological
stress. Vortex flows offer several advantages as a stressor. They
minimize confounding variables associated with other stressors,
such as changes in salt concentration or pH, which can introduce
non-specific effects, and they exploit an innate, reproducible
behaviour, reducing experimental variability. As vortex strength
(rpm) increases, cortisol levels rise proportionally, as does a larva’s
swimming effort to counteract the flow (Castillo-Ramirez et al.,
2019). This quantifiable relationship between vortex intensity and
GCp allows precise categorization of stress levels. Combined, these
elements make it well suited for repeated stress assays. Given these
advantages, we used vortex-induced forced swimming to assess the
effects of repeated stress exposure and GR blockage on cortisol
dynamics. First, we measured baseline and post-stress whole-body
cortisol in 6 dpflarvae exposed to 3-min vortex flows of low or high
strength (see Materials and Methods). Cortisol levels were assessed
at 10, 20, 30, and 40 min after exposure (Fig. 1 A). Confirming prior
findings (Castillo-Ramirez et al., 2019), we found a positive
correlation between vortex strength and GCy (Fig. 1B, two-way
ANOVA on log-transformed data: strength: F(1,40)=78.13,
P<0.0001; time: F(3,40)=91.99, P<0.0001; strength x time:
F(3,40)=1.59, P=0.21; Bonferroni’s tests: 10: P<0.0001, 20":
P<0.0001, 30": P<0.0001, 40’: P=0.054; n=6 per group). Whole-
body cortisol levels were elevated 10 min post-exposure and
gradually decreased thereafter. For both low and high vortex
strengths, cortisol levels returned to baseline within 30 and 40 min,
respectively (Fig. 1C, one-sample #-tests against a mean fold change
of 1: left, 10": t(5)=7.9, P=0.0005; 20": t(5)=9.5, P=0.0002; 30":
t(5)=1.9, P=0.12; 40": t(5)=0.8, P=0.44; right, 10": t(5)=6.7,
P=0.001; 20": t(5)=8.7, P=0.0003; 30": t(5)=7.7, P=0.0006; 40"
t(5)=0.25, P=0.81). Therefore, higher cortisol responses do not
hinder a rapid return to baseline whole-body cortisol after acute
stress. Cortisol decreases steadily after exposure, irrespective of
peak stressor-derived levels. We then explored the link between
GCpr and a single homotypic stress event, varying the time interval
between first and second vortices at 30, 60, or 120 min (Fig. 1D).
Larvae showed cortisol levels similar to baseline when exposed to a
second vortex, regardless of its strength, 30 min after the initial
exposure (Fig. 1E, two-way ANOVA: strength: F(1,40)=40.5,
P<0.0001; time interval: F(3,40)=34.7, P<0.0001; strengthxtime
interval: F(3,40)=4.7, P=0.007; Bonferroni’s tests: 1st: P<0.0001,
30" after 1st: P>0.99, 60" after 1st: P=0.01, 120" after 1st: P=0.0002;
n=6 per group). However, at both 60 and 120 min post-initial
exposure, they showed a GCy level correlating with the strength of
the second vortex [Fig. 1F, one-sample #-tests against a mean fold
change of 1: left, 30" after 1st: t(5)=1.40, P=0.22; 60" after 1st:
t(5)=3.8, P=0.013; 120" after Ist: t(5)=6.3, P=0.002; right, 30" after
Ist: t(5)=1.44, P=0.21; 60" after 1st: t(5)=6.1, P=0.002; 120" after
Ist: t(5)=6.4, P=0.001].

Cortisol response to 30-min homotypic stress in
Mifepristone-treated larvae

We then measured whole-body cortisol levels in separate groups of
unstressed and stressed 6-dpf larvae treated with either DMSO or a
combination of DMSO and Mifepristone, a verified zebrafish GR
antagonist (Weger et al., 2012; De Marco et al., 2013). Stressed
larvae experienced either a single 3-min high-strength vortex, with
cortisol levels measured at 10, 30, and 40 min post-initial exposure
(Fig. 2A, top), or two vortices spaced 30 min apart (Fig. 2A,
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Fig. 1. Cortisol reactivity under single and homotypic stress. (A) Schematic for assessing basal and post-vortex cortisol levels, measured at 10, 20, 30,
and 40 min after exposure. (B) Basal and post-vortex cortisol levels. White, light grey, and dark grey represent basal cortisol and data from low and high
vortex strengths, respectively, in all plots. n=6 per group. (C) Cortisol levels post-exposure relative to basal cortisol (data from B). (D) Schematic for
measuring basal cortisol and GCg to homotypic stress at varying intervals between two vortices (30, 60, or 120 min). (E) Basal cortisol and GCr to a second
vortex at varying intervals. n=6 per group. (F) Cortisol levels post-second exposure relative to basal cortisol (data from E). (B,E) Asterisks indicate results
from Bonferroni’s tests following two-way ANOVA. (C,F) Asterisks indicate results from one sample t-tests against a mean fold change of 1. See Results for

details on comparisons.

bottom). Mif-treated larvae showed similar baseline whole-body
cortisol levels as controls. Additionally, while DMSO-treated larvae
showed a gradual post-exposure decrease in cortisol, Mif-treated
larvae retained cortisol levels above baseline at the same time
point [Fig. 2B, two-way ANOVA on log-transformed data
(white and black circles only): treatment: F(1,48)=65.9,
P<0.0001; time: F(3,48)=153.3, P<0.0001; treatmentxtime:
F(3,48)=24.13, P<0.0001; Bonferroni’s tests: basal: P>0.99, 10"
P>0.99, 30": P<0.0001, 40": P<0.0001; n=7 per group]. As a result,
DMSO-treated larvae returned to baseline cortisol levels 40 min
post-exposure, while Mif-treated larvae did not [Fig. 2C, one-
sample z-tests against a mean fold change of 1: left, 10": t(6)=9.0,
P=0.0001; 30": t(6)=4.4, P=0.0046; 40": t(6)=0.2, P=0.85; right,
10": t(6)=22.1, P<0.0001; 30": t(6)=25.1, P<0.0001; 40": t(6)=13.3,
P<0.0001]. Notably, following exposure to a second high-strength
vortex 30 min after the initial exposure, Mif-treated larvae showed a
significant cortisol increase compared to cortisol levels at the same
post-initial exposure time (40 min), unlike DMSO-treated larvae
(Fig. 2B, black and white triangles versus circles, respectively;
unpaired two-tailed r-tests: Mif-treated larvae: t(12)=5.7, P<0.0001;

DMSO-treated larvae: t(12)=0.12, P=0.91). Thus, unlike untreated
or DMSO-treated larvae, Mif-treated larvae showed a significant
GCr to homotypic stress applied during the 30-min refractory
period [Fig. 2D, one-sample #-tests against a mean fold change of 1:
untreated: t(5)=0.74, P=0.49; DMSO-treated: t(6)=0.17, P=0.87;
Mif-treated: t(6)=7.2, P=0.0004; n per group=7, except for the
untreated group (D), where N=6].

DISCUSSION

We further examined GCg dynamics and cortisol feedback in
stressed zebrafish larvae, focusing on the refractory period in GCg
to repeated stress and the role of GR in the early phase of GC-NF.
We observed elevated cortisol levels 10 min after the onset of stress,
with levels returning to baseline 30-40 min later, depending on the
strength of the stressor. Our measurements of cortisol at 5, 10
and 15 min after vortex exposure also revealed a peak at 10 min
post-vortex onset (data not shown). This rapid increase in cortisol is
consistent with previous findings, which report elevated whole-
body cortisol levels around 10 min after stress in zebrafish larvae
exposed to brief vortices, mild electric shocks, and air exposure
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Fig. 2. Cortisol response to 30-min homotypic stress in Mifepristone-treated larvae. (A) Schematic for assessing basal cortisol, post-vortex cortisol
levels (measured at 10, 30, and 40 min post-exposure), and the GCr to a second high-strength vortex (with a 30-min interval) in larvae incubated with either
DMSO or DMSO+Mifepristone (Mif). For all plots, except D, white represents DMSO group data, and black represents Mif group data. n=7 per group, except
for the untreated group (D), where n=6. (B) Baseline cortisol, post-first vortex levels, and cortisol in DMSO- and Mif-treated larvae after a second vortex at

30 min post-initial exposure, compared to independently collected cortisol levels at the same time (40 min). Asterisks indicate results from Bonferroni’s tests
following two-way ANOVA (white and black circles only); P values for black and white triangles versus circles are from unpaired two-tailed t-tests. (C) Cortisol
levels post-first vortex relative to baseline cortisol (data from B). (D) Cortisol level 10 min after the second vortex compared to levels at the same time without
the vortex (data from B, 40 min). (C,D) Asterisks indicate results from one sample t-tests against a mean fold change of 1. See Results for details on

comparisons.

(Faught and Vijayan, 2022; Hare et al., 2021; Steenbergen et al.,
2012). In response to a repeated stressor, cortisol levels rose above
baseline only when the second stressor occurred 60 or 120 min after
the first, but not with a 30-min interval. These results indicate a
rapid cortisol-mediated feedback loop with a refractory period of at
least 30 min. The return to baseline cortisol levels was delayed,
and the refractory period was suppressed when larvae were treated
with the GR antagonist Mifepristone, indicating GR-dependent
feedback. These findings are crucial for validating the relevance of
zebrafish as a stress-research model.

Previous evidence links GR to GC-NF in zebrafish larvae. Both
GR and MR contribute to early cortisol balance (Alsop and Vijayan,
2009; Faught and Vijayan, 2018), and GR-deficient larvae fail to
show typical cortisol responses to stress, with cortisol levels
remaining elevated, indicative of impaired negative feedback
mechanisms. These mutants show increased HPI axis activity,
reduced cortisol suppression by dexamethasone, and elevated CRH
and ACTH levels (Griffiths et al., 2012; Ziv et al., 2013; Fonseka
et al., 2016). Cortisol responses to acute stressors, such as light
pulses, show temporal patterns similar to our findings, with an
initial rise followed by a return to baseline (De Marco et al., 2013,
2014, 2016). Notably, repeated light pulses delivered at 30-min
intervals do not lead to additional cortisol elevation after the first
pulse, suggesting a refractory period (De Marco et al., 2013). This
pattern is consistent with our results, where a second stressor applied
after a 30-min interval also failed to elicit a significant cortisol rise,
reinforcing the interpretation of a 30-min refractory period in
zebrafish larvae. Unlike knockout studies, which are limited in

assessing the dynamics of processes dependent on the targeted
element, using a GR blocker allows for measurement of GR
inhibition’s effects on GCr dynamics, revealing the role of GR in
cortisol feedback regulation. Pre-incubation with the GR blocker
Mifepristone elevated cortisol levels for both initial and subsequent
light pulses (De Marco et al., 2013), similar to our observation that
Mifepristone-treated larvae showed prolonged cortisol release after
repeated vortex stress. This correspondence between light pulse and
vortex-induced stress responses supports the role of GR in
modulating GCr dynamics and strengthens our interpretation of
the 30-min refractory period observed in repeated stress assays.
Our findings confirmed that repeated exposure to the same
stressor reduces GCpg, with shorter intervals between exposures
yielding greater reductions, and that blocking GR during the
refractory period prolongs cortisol release while retaining GCg.
Confirming both predictions is important because the reduction in
GCr to closely spaced stressors could involve neural mechanisms
independent of glucocorticoids, similar to what has been observed
in mice. In mice, stress familiarity reduces CRH neuron responses
without GC-NF involvement, potentially limiting HPA axis
activation (Kim et al., 2019). Although this possibility requires
further exploration in zebrafish, our results collectively suggest that
early-phase GR-mediated feedback reduces GCp in zebrafish larvae
when exposed to repeated homotypic stress within 30 min.
Mifepristone is a well-established GR antagonist, and the dose
and incubation period we used follow verified protocols for
zebrafish larvae (Weger et al., 2012; De Marco et al., 2013).
However, Mifepristone may have off-target effects, such as
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antagonizing progesterone receptors and potentially interacting with
other receptors at higher concentrations. These non-target effects
should be considered when interpreting some of our results. Future
studies should explore alternative GR antagonists and evaluate GR-
responsive gene expression to gain more insights into GCg
dynamics with GR inhibition. Additionally, exploring how GR
antagonists affect baseline cortisol levels in relation to age, dosage,
and incubation time will be necessary for a comprehensive
understanding. In zebrafish larvae, MR signalling also plays a role
in regulating the HPI axis. MR mutants do not show differences in
baseline or maximum post-stress cortisol levels, but they show a
delayed cortisol rise and prolonged elevation beyond 30 min post-
stress compared to controls (Faught and Vijayan, 2018). Further
research is needed to clarify the distinct and combined roles of
GR and MR in early GC-NF. Also, addressing age-dependent and
long-term effects of GR blockade on stress physiology, as well as
replicating these experiments with heterotypic stressors (e.g. Herget
et al,, 2023), will advance our understanding of acute stress
responses in zebrafish larvae.

Data on the relationship between GR, GC-NF, and GCy during
repeated stress in rodents is limited. Past rodent studies examined
ACTH and corticosterone secretion after restraint stress (De Souza
and Van Loon, 1982). After a single stress event, ACTH peaked
quickly and normalized within 30 min, while corticosterone peaked
at 15-30 min and returned to baseline within 60-90 min. These
responses were consistent after repeated stress every 90 min, but
closer stress events reduced the corticosterone response, indicating a
narrower adrenocortical window. Compelling evidence indicates
that GR activation regulates stress-induced HPA axis activity (Ratka
et al., 1989; Sapolsky et al., 2000). Local GR knockdown in the
PVN increased stress-induced ACTH and corticosterone (Solomon
et al., 2015), and genetic manipulations of GR elevated stress-
induced GCs and disrupted GC-NF (Laryea et al., 2013). Thus,
PVN GR mediates early-phase feedback, controlling the duration
and intensity of GC secretion post-stress. The complex nature of
GC-NF during acute stress is underscored by the fact that GR
activation in the brain supports arousal, cognitive performance, and
modulates immune and inflammatory responses to meet metabolic
demands (de Kloet, 2023). Our study explores how GR-mediated
feedback impacts GCgr dynamics in zebrafish larvae, a less
commonly studied model organism in this context. Like rodents,
zebrafish larvae show a rapid cortisol response to initial stress
followed by a refractory period with repeated stress. Thus, our
findings help inform experimental design and facilitate comparisons
between zebrafish and mammalian models. This is particularly
relevant in the context of development, as larvae offer an
opportunity to explore early patterns of HPI axis activity.

Our data not only reflect GCr dynamics seen in conventional
mammalian models but also demonstrate the potential of the high-
throughput forced swim procedure for addressing repeated stress in
zebrafish larvae. This is in line with the 3Rs principle, as zebrafish
larvae are increasingly recognized for their value in stress research
(e.g. Eachus et al., 2021; Swaminathan et al., 2023; De Marco et al.,
2016; vom Berg-Maurer et al., 2016; de Abreu et al., 2021).
Collectively, the results provide a more detailed framework for
exploring the link between early life stress and HPI axis
programming, as well as for dissecting GC regulation in the NPO
and pituitary. With the small size and transparency of zebrafish
larvae, future studies can image stress-related activity patterns in
both regions. Understanding how the refractory period and GR
blocker sensitivity influence these patterns can enhance our grasp of
cortisol response timing. This knowledge may help identify

mechanisms by which the developing HPI axis adapts or fails to
adapt to homotypic stress.

MATERIALS AND METHODS

Zebrafish husbandry, handling, and experimental unit

Zebrafish breeding and maintenance were conducted under standard
conditions (Westerfield, 2000). Groups of 30 wild-type eggs (cross of AB
and TL strains, AB/TL) were collected in the morning, and the embryos
were raised on a 12:12 light/dark cycle at 28°C in 35 mm Petri dishes with
5 ml of Embryo-medium2 (E2). The modified E2 medium (0.5x E2, 11)
consisted of 5 mM NacCl, 0.25 mM KCl, 0.5 mM MgSO,4x7 H,0, 0.15 mM
KH,PO4, 0.05 mM Na,HPO,, 0.5 mM CaCl,, and 0.71 mM NaHCOs;. This
formulation provides a balanced ionic environment suitable for zebrafish
embryo development. At 3 dpf, the E2 medium was renewed, and chorions
and debris were removed from the dishes. Experiments were performed
with 6 dpf larvae. In all experiments, each experimental unit (replicate)
comprised a group of 30 larvae, maintained in a 35 mm Petri dish. All dishes
were kept under identical conditions in the incubator on top of the stirrer
plate (see below) to ensure no perturbation. Zebrafish experimental
procedures were conducted according to the guidelines of the German
animal welfare law and were approved by the local government
(Regierungsprésidium Karlsruhe; G-29/12).

Water vortex flows

‘We used water vortices in a high-throughput fashion to induce rheotaxis and
cortisol increase (Castillo-Ramirez et al., 2019). The groups of 30 larvae in
35mm Petri dishes with 5 ml of E2 medium (experimental units) were
exposed to controlled vortices generated by the spinning movements of
small encapsulated (coated) magnetic stir bars (6x3 mm, Fischerbrand,
#11888882, Fisher scientific, Leicestershire, UK) inside the dishes. The
Petri dishes, each with a single stir bar, were always positioned on magnetic
stirrer plates (Variomag, Poly 15; Thermo Fisher Scientific, Leicestershire,
UK) and kept at 28°C inside an incubator (RuMed 3101, Rubarth Apparate
GmbH, Laatzen, Germany). Larvae were exposed to vortex flows only when
induced by the magnetic field inversions of the stirrer plate for 3-min
periods, at 130 (low strength) or 330 (high strength) revolutions per
minute (rpm). The magnetic field inversions of the stirrer plate, per se, do
not alter the level of whole-body cortisol in larval zebrafish, and we used a
maximum of 330 rpm to avoid potential ceiling effects caused by the
maximum levels of vortex-dependent cortisol increase, as previously
established (Castillo-Ramirez et al., 2019). Larvae were exposed to the
3-min vortex either once or twice, with the second exposure occurring
30, 60, or 120 min after the first exposure, depending on the experimental
series. These time intervals were chosen to balance accurate estimation of
the cortisol refractory period with the 3Rs principle, minimizing the
number of subjects. The 30, 60, and 120-min intervals effectively capture
cortisol recovery dynamics following an initial stressor. They provide a
range broad enough to account for variations in stress response timing,
while remaining precise enough to determine when cortisol levels return to
baseline or become responsive to a subsequent stressor. This approach
ensured experimental rigor while adhering to ethical guidelines for subject
use. The larvae in groups of thirty were subsequently used for cortisol
detection (see below). Basal levels of cortisol were measured at the time
corresponding to the beginning of the experiment, before the first
exposure to vortex flows.

Whole-body cortisol

The procedures for cortisol measurements and the homemade ELISA were
as previously described (Yeh et al., 2013). Validation of the homemade
ELISA was conducted through intra-assay and inter-assay precision,
recovery rates, and cross-reactivity assessments. Intra-assay precision was
confirmed with coefficients of variation (CVs) of 10.1%, 13.7%, and 9.0%
for low (1.6 ng/ml), medium (5.6 ng/ml), and high (17.7 ng/ml) cortisol
concentrations, respectively. Inter-assay precision, measured over 5 days,
yielded CVs of 10.5%, 18.5%, and 7.6% for low (1.6 ng/ml), medium
(5.7 ng/ml), and high (20.7 ng/ml) concentrations. Recovery rates were
high, ranging from 85% to 100% for larval samples and up to 145% for adult
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samples. Matrix effects were corrected using a recovery function to ensure
accurate measurements. Additionally, comparison with a commercial kit
showed no significant differences, and baseline cortisol levels were
consistent across batches and sessions [one-way ANOVA, F(4,20)=0.035,
P=0.99], confirming reliability of the assay. Following vortex exposure,
groups of 30 larvae (replicates) were immobilized in ice water, frozen in an
ethanol/dry-ice bath, and stored at —20°C for subsequent cortisol extraction
and detection between 10:30 h and 11:30 h.

Mifepristone incubation

Before exposure to the vortex, larvae were incubated for 2h in 1 uM
Mifepristone (RU486, Sigma-Aldrich) dissolved in E2 medium with 0.1%
DMSO. These parameters were based on established protocols (Weger et al.,
2012; De Marco et al., 2013) to ensure consistency with verified procedures
and facilitate direct comparisons with existing literature.

General design and statistical analysis

As stated above, measurements were conducted on distinct groups of 30
larvae (replicates). Larval density per well was kept constant. For each
measurement, all 30 larvae within a well were used. Each replicate was fully
independent of the others. In all experiments, treatments were randomly
assigned to replicates, and blinding was implemented. An initial
experimenter conducted the treatments, collected, and labelled the
samples. A second experimenter then performed the measurements on the
labelled samples, assigning new labels. The first experimenter subsequently
quantified cortisol using these newly encoded samples. Our sample sizes are
consistent with those commonly used in the field and align with previous
publications (Castillo-Ramirez et al., 2019; De Marco et al., 2013, 2016;
Yeh et al., 2013; Herget et al., 2023; vom Berg-Maurer et al., 2016). They
are based on prior work that established acceptable coefficients of variation
for cortisol measurements while minimizing subject use in accordance with
ethical guidelines. Data were tested for normality and homoscedasticity
using the Shapiro-Wilk and KS normality tests and the Brown—Forsythe and
Bartlett’s tests, respectively. We employed two-way ANOVAs followed by
Bonferroni’s post-hoc tests for multiple comparisons. In cases where the
data did not meet the assumption of homoscedasticity, we applied log
transformations to normalize variance. Unpaired two-tailed -tests were used
for comparing independent groups, and one-sample #-tests were performed
when comparing data to a hypothetical mean (i.e. a fold change of 1). For
one-sample #-tests, Bonferroni corrections were applied by dividing the
significance level (alpha) by the number of comparisons to control for
multiple testing. No data points or samples were excluded from the analysis.
Statistical analyses were performed using MS-Excel (Microsoft Corp;
Redmond, WA, USA) and Prism 10.2.0 (Graphpad Software Inc, San
Diego, CA, USA).
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