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Catecholamines as central
modulators of the stress
response. A preliminary study in
Atlantic salmon (Salmo salar)
head kidney cells

Angelico Madaro'*, Victoria Warth Basso? and Rolf Erik Olsen?

HInstitute of Marine Research, Animal Welfare Science Group, Matredal, Norway, ?Department of
Biology, Norwegian University of Science and Technology, Trondheim, Norway

This study investigated the contribution of catecholamines to stress regulation
in Atlantic salmon, with the goal of clarifying inconsistencies between
the classical model of cortisol control in teleosts and recent observations
that challenge it. According to the traditional theory, cortisol secretion is
driven primarily by adrenocorticotropic hormone (ACTH) through activation
of the hypothalamic—pituitary—interrenal (HPI) axis. However, several studies
in salmonids have reported that elevations in cortisol can occur in the
absence of, or prior to, measurable increases in ACTH. To examine whether
catecholamines influence cortisol production we performed ex vivo incubations
of head kidney tissue either with ACTH (10~® M, 1078 M, and 10710 M),
or catecholamine (adrenaline and noradrenaline, 10~ M, 10=8 M for both)
and monitored cortisol production up to 60 min post-incubation. The results
confirmed that ACTH elicited a cortisol response, but not catecholamines.
However, when head kidneys were incubated with combinations of ACTH (106
M) and catecholamines (adrenaline or noradrenaline, 10~/ M each) there was
a massive increase in cortisol (by ~2.4-fold) production far exceeding that
of ACTH alone. These findings suggest that catecholamines are unlikely to
function as independent stimulators of cortisol synthesis but will enhance the
responsiveness or sensitivity of interrenal cells to ACTH. Such a synergistic
interaction could represent an adaptive mechanism enabling rapid cortisol
elevation during acute stress, thereby helping to reconcile discrepancies
between ACTH and cortisol profiles reported in vivo. Overall, this work provides
new insight into the interplay between sympathetic activation and endocrine
requlation in teleost fish.
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Highlights

« Combined exposure to ACTH and catecholamines enhances both the magnitude and
speed of cortisol release in head kidney cells compared with that of ACTH alone.

« ACTH is confirmed as the primary driver of cortisol secretion in Atlantic salmon head
kidney tissue.

o Catecholamines alone exert minimal effects, with only adrenaline inducing a modest
cortisol increase.
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Introduction

The term stress is defined as the behavioral and physiological
response to a perceived threat (1). The response can be triggered
by a variety of factors, including changes in water quality
(2, 3), handling, predation threats, and exposure to pollutants
or pathogens (4, 5). The traditional view is that the stress
response activates two distinct pathways: the brain-sympathetic—
chromaffin (BSC) axis and the hypothalamic-pituitary-interrenal
(HPI) axis (5, 6). Activation of the BSC axis begins in the
preoptic area of the brain and proceeds via the sympathetic
nervous system, which sends neuroendocrine signals through
cholinergic fibers. These fibers innervate organs such as the
heart, muscles, and gastrointestinal tract, inducing immediate
physiological responses. A long sympathetic nerve fiber also
innervates the head kidney in teleost fish, where it stimulates
chromafhin cells to release catecholamines (here referred to as
adrenaline and noradrenaline, also known as epinephrine and
norepinephrine) into the circulation (7-9). In the second pathway,
the HPI axis, the hypothalamic cells of the nucleus preopticus
stimulate the synthesis and release of adrenocorticotropic hormone
(ACTH) from the pituitary. ACTH is then transported via the
bloodstream to the head kidney, where it stimulates interrenal cells
to synthesize and secrete glucocorticoids—primarily cortisol—into
circulation. Because cortisol synthesis requires ACTH stimulation
and de novo synthesis, its secretion is considerably slower than that
of catecholamines. However, once elevated, cortisol concentrations
can remain high for several hours, depending on the nature and
duration of the stressor (6, 10-12).

There are several lines of evidence suggesting that this classical
model is widely conserved across animal species. In mammals
such as rats, ACTH levels rise rapidly after exposure to stress,
followed by an increase in corticosterone (the rodent analog of
cortisol) (13), with both peaking around 30 min after the onset
of stress and then returning to baseline by 120min (14, 15).
This supports a direct cause-effect mechanism between ACTH
release and cortisol synthesis. Likewise, in teleosts such as rainbow
trout (Oncorhynchus mykiss) and coho salmon (Oncorhynchus
kisutch), ACTH rises rapidly and before the cortisol response,
further supporting the classical model (16, 17). However, in other
teleosts, these links are not so clear. In tilapia (Oreochromis
niloticus), the increase in cortisol following stress is not preceded
or accompanied by an elevation in ACTH (18). This could
suggest that factors other than, or in addition to, ACTH may be
linked to the cortisol response. In Atlantic salmon parr, Madaro
et al. (11) found no significant increase in ACTH until 1-4h
following stress and considerably later than the cortisol production,
which increased as early as 10 min after exposure to the stressor.
Similarly, in a study comparing triploid and diploid salmon,
ACTH peaked between 15 and 30 min post-stress and considerably
later than the increase in cortisol (12). These findings, in line
with observations in tilapia, raise the question of whether factors
other than, or in addition to, ACTH may be involved in the
initial triggering of the cortisol production in Atlantic salmon.
One possible hypothesis is that catecholamines, which appear in
circulation immediately following stress, may be involved through
paracrine signaling.
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In teleost fish, interrenal and chromaffin cells are closely
associated anatomically along the walls of the posterior cardinal
vein in the head kidney (19-21). This anatomical proximity
could suggest paracrine communication during the early
stages of the stress response (22, 23). In support of this,
results from sea bass (Dicentrarchus labrax) have shown that
catecholamines can stimulate cortisol release from the head
kidney tissue in vitro (24). However, results differ between
studies, and there appear to be clear species differences in the
response of the head kidney to catecholamines. For instance, in
carp (Cyprinus carpio L.), catecholamines have been reported
to inhibit cortisol release from interrenal cells (25), while
catecholamines had no effect on cortisol release in sea bream
(Sparus auratus) (24).

Considering this, the present study aimed to address
discrepancies between classical theories and previous observations
in Atlantic salmon regarding the regulation of cortisol release
following stress. A central focus was the potential paracrine
interaction between chromaffin and interrenal cells within
the head kidney. To this end, ex vivo experiments were
conducted to test whether catecholamines, either alone or in
combination with ACTH, can stimulate cortisol production in head
kidney tissue.

Materials and methods

Ex vivo head kidney incubations

Animals

Two ex vivo experiments were performed using Atlantic salmon
farmed at the Institute of Marine Research in Matre (Masfjorden,
Norway). For the first incubation trial, establishing a dose-response
curve to cortisol production following exposure to ACTH or
catecholamines, five fish housed in a circular tank of 3 m diameter
were used, with a mean weight of 1,334.05 £ 191.75 g and a mean
fork length of 49.45 £ 2.44 cm. For the second incubation trial, the
combined effects of ACTH and catecholamines, six fish housed in a
sea cage (Smordalen sea cage research facility, 61°N of the Institute
of Marine Research) were used, with a mean weight of 1,860 +
413.7 g and a mean fork length of 52.58 & 3.9 cm.

Induction trial preparation

Fish and tissue samples were processed in the same manner
for the two incubation trials. Specifically, fish were euthanized
by immersion in an anesthetic bath containing an overdose of
anesthetic (1 g/L; MS-222 Tricaine Methanesulfonate, FINQUEL
VET., MSD Animal Health, Norway), followed by percussion to
the head. Each fish was then measured for length and weight.
The head kidney was quickly dissected and placed in 50 ml Falcon
tubes containing Hepes-Ringer solution (15mM Hepes) kept on
ice (0-4 °C) and prepared according to Rotllant et al. (24),
consisting of NaCl (171 mM), KCI (2 mM), CaCl, (2mM), 0.25%
(w/v) glucose, and 0.03% (w/v) bovine serum albumin. The pH
of the medium was measured using an InoLab 7110 pH meter
(WTW, Weilheim, Germany) and adjusted with 2M NaOH as
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needed (final pH 7.38). Medium osmolality was then measured with
a Fiske
Norwood, MA, USA) to ensure a final value of approximately

210 Micro-Sample Osmometer (Advanced Instruments,

350 mOsm/kg. Head kidney tissues were collected and kept on
ice until the next dissection step, which involved removing the
surrounding membranes, rinsing away blood, and finely slicing
the tissue in a Petri dish containing fresh Hepes-Ringer solution.
All procedures were performed under aseptic conditions using
sterile instruments and solutions, and tissues were maintained at
0-4 °C to minimize enzymatic degradation and preserve viability
during preparation and pre-incubation. Fragments then were then
transferred to cell culture flasks (CELLSTAR®, Greiner Bio-One
GmbH, Germany) or wells (Thermo Fisher Scientific, Roskilde,
Denmark) for further processing and left to rest for 150 min
in order to reach stabilized basal levels of cortisol (24, 26, 27).
During this incubation the tissue was incubated in a Hepes—
Ringer (1:10 tissue: medium) at 16 °C in a temperature-controlled
incubator equipped with a Rotamax 120 shaker (Heidolph
Scientific, Germany) to ensure gentle movement. The media pH
was measured using universal indicator paper (pH 0-14). Media
samples were collected every 50 min for cortisol quantification,
and then the entire media was replaced with fresh solution. In
the final 50-min phase (100 min after incubation began), tissue
pools were carefully divided in small fragments which were weighed
and placed into 24-well plates for the first incubation trial or into
6-well plates for the second incubation trial, as detailed in the
following sections. The level of residual cortisol release measured
before induction is displayed in Supplementary Figure S1. For
both experiments, a stock solution of ACTH (Apollo Scientific,
Stockport, UK) was prepared by dissolving ACTH in Hepes—
Ringer solution to a concentration of 10™* M. Stock solutions
of adrenaline and noradrenaline (ThermoFisher GmbH, Kandel,
Germany) were prepared at an initial concentration of 1072 M.
Approximately 2ml of 1M hydrochloric acid (HCI) was added
during preparation to aid solubilization (final pH of the stock
solutions ~3.5).

First incubation trial

Head kidney fragments (0.15-0.27g) were transferred into
60 individual wells across three plates, one plate for each
neurohormone, with samples arranged in groups of six replicates.
In the ACTH plate, 24 wells were assigned to four treatment
groups: ACTH at 107 M, 10~8 M, and 10710 M, plus a control
group in which the ACTH medium was replaced with Ringer’s
solution. In the other two plates—one for adrenaline and one
for noradrenaline-18 samples per plate were assigned to three
treatment groups: 107 M, 10~® M, and a control group. Each
well initially contained 1 ml of fresh Hepes—Ringer solution, with
additional medium added according to tissue weight to maintain
a consistent 1:10 tissue-to-medium ratio. Samples were incubated
for an additional 50 min, completing the 150-min stabilization
period. At the start of the induction, the medium was replaced
with fresh medium containing the specified concentrations, and
incubation continued for 60 min. During this period, 200 pl of
medium was sampled every 20min (20, 40, and 60min) and
replaced with fresh Hepes-Ringer solution. Collected samples were
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transferred to pre-labeled 0.6 ml tubes and stored at —80 °C until
cortisol analysis.

Second incubation trial

In the second trial a larger amount of tissue was employed in
larger wells. The head kidney pool was initially divided into two
6-well plates, with approximately 1g of tissue per well in 10 ml of
Hepes—Ringer solution. After 150 min of the stabilization period,
the head kidney pool was then divided into four 6-well plates,
one per treatment group, totaling six replicates of each treatment.
Each well contained approximately 0.5 g of tissue in 5 ml of Hepes—
Ringer solution (1:10 ratio). At the start of the induction, the
medium was replaced with fresh medium solution containing (i)
ACTH (10~° M) alone; (ii) ACTH + adrenaline (5 x 1077 M);
(iii) ACTH + noradrenaline (5 x 1077 M); (iv) adrenaline +
noradrenaline (5 x 10~7 M); and (v) control group (Hepes—Ringer
only). The incubation lasted for 120 min, during which media
samples were collected at 10, 20, 40, 60, 90, and 120 min. At the 10-
min timepoint, 100 ] of media was collected from each well; for all
subsequent timepoints, 50 pl samples were collected. The samples
were transferred to pre-labeled 0.6 ml tubes and stored at —80 °C
until cortisol analysis. Unlike the first induction trial, no additional
media was added during the treatment phase.

Plasma analyses

Prior to analysis, samples were thawed on ice and
thoroughly mixed using a vortex mixer to ensure uniformity.
Cortisol concentrations were measured using an enzyme-
linked immunosorbent assay (ELISA; DEH3388, Demeditec
GmbH, Kiel,

detection range of 10-800ng/ml, the sample size was 10 pl

Diagnostics Germany) with a standard

per well. Immunodetection quantification was performed

using a Sunrise reader (Tecan, Austria) at

450 nm.

microplate

Statistical analysis

Comparison between different concentrations in the first
incubation trial for each timepoint were corrected by Tukey’s
multiple comparisons test. The cortisol concentration comparisons
of each time point with the first measurement are corrected by
Dunnett’s multiple comparisons test. For all tests, p < 0.05 was
considered significant.

The data on the second incubation trial were tested by
a linear mixed-effects model fitted to examine the effects of
treatment, timepoint, and their interaction on cortisol release.
The model included sample ID as a random effect to account
for repeated measures and used an AR(1) correlation structure
to model temporal autocorrelation across timepoints within each
subject. Statistical analyses were performed with RStudio (R version
4.5.1) and using the nlme (version 3.1-168), MuMIn (version
1.48.11), and emmeans (version 1.11.2) packages. All graphs were
produced using GraphPad Prism (GraphPad Software, version
10.4.2, San Diego, USA). All data are presented as mean =+
SEM; otherwise.
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Results

Ex vivo: first incubations with single
hormones

Effect of ACTH on cortisol production

Incubating head kidney tissue with increasing amounts
of ACTH led to general dose-dependent cortisol production
throughout the 60min of incubation (Figure la). The lowest
increase was found with ACTH 10'° M, and significant increase
in cortisol was found only after 40 min, 35.92 £ 5.180 nanograms
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FIGURE 1

Cortisol release (ng/g tissue) over time (min) in response to different
concentrations of (a) ACTH, (b) adrenaline (Adr), and (c)
noradrenaline (Nor). ACTH was tested at 107°, 1078, and 10710 M,
while adrenaline and noradrenaline were tested at 107® and 1078 M.
Each treatment was compared to a control group. In the ACTH
group the control was exclude for statistical analyses due to the

20 min time point being missing. Data are presented as mean + SEM
(n = 6 per group per time point). The “+" indicates a significant
difference between values at each time point compared with their
value at 10 min. Different letters at a given time point indicate
significant differences between treatment groups (p < 0.05).
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per gram (ng/g; p = 0.045), and peaking at 53.88 £ 7.66 ng/g
after 60 min. The media with the highest concentration of ACTH
(10~° M) induced a significantly increased cortisol production after
20 min (56.85 & 13.36 ng/g compared to the T = 0 level of 23.91 £
7.16 ng/g; p = 0.04) peaking at 216.9 =+ 47.64 ng/g after 60 min (p =
0.019 compared to 0 min). The 10~® M group cortisol release after
60 min was intermediate between the two groups, peaking at 155.6
+ 63.10 ng/g after 60 min (p = 0.166 compared to 0 min).

Effect of catecholamines on cortisol production

When head kidney tissue samples were added with media
containing only adrenaline 107 or 10~® M (Figure 1b), there was
little or no change in cortisol release compared to the control group.
At 60 min there was a small but still significant increase in cortisol
concentration (69.97 + 47.64 ng/g compared to the 4.5 &+ 7.16
ng/g at 0 min; p = 0.0260). Similarly, noradrenaline alone had no
effect on cortisol release from the head kidney tissue (Figure 1c).
At 20 min, the medium collected from tissue exposed to 107° M
noradrenaline had significantly higher cortisol concentration than
the other two groups (p = 0.03 when compared with control and
p = 0.01 if compared with 1078 M). However, this difference is
more likely attributable to residual cortisol present in the tissue
rather than to an induction effect by noradrenaline, as cortisol
levels in the 107® M noradrenaline group at 20 min (34.16 + 4.29
ng/g) did not differ significantly from baseline levels at the start of
induction (48.31 4 9.498 ng/g; p = 0.16). Moreover, the cortisol
levels measured at 60 min post-induction (59.49 + 15.75 ng/g) did
not differ significantly from baseline value (p = 0.76).

Ex vivo: second incubations, single and
combined hormones

Combined effect of ACTH and catecholamines on
cortisol production

Figure 2 shows the effect of catecholamines only, ACTH only,
and the combination of ACTH and catecholamines on inducing
cortisol release by head kidney tissue. For each set of incubations,
the increase was relatively linear over time. The combined effect
of adrenaline and noradrenaline on stimulating a cortisol release
was very low and not statistically relevant (p = 0.57), and cortisol
levels rose from 48.9 £ 22.59 ng/g at 10 min to 185 + 63.38 ng/g
after 120 min. The effect of ACTH alone was more pronounced,
peaking at 574.5 & 137.48 ng/g after 120 min. Combining either
catecholamine with ACTH resulted in an approximately 2.4-fold
increase in cortisol release, peaking at 1,357.07 £ 262.09 ng/g
and 1,160.38 & 262.09 ng/g after 120 min for the combinations of
ACTH with adrenaline and ACTH with noradrenalin, respectively.
At 20 min after incubation started, only the combinations of ACTH
with adrenaline or noradrenaline showed a significant increase
in cortisol levels (231.6 £ 5.94 ng/g and 347 + 74.45 ng/g,
respectively) compared to 10 min after induction (89.6 £ 19.66 ng/g
and 118.45 & 25.20 ng/g, respectively). In the ACTH group, cortisol
levels began to rise at 40min (217.64 + 47.36 ng/g; p = 0.079)
but only in a significant manner 60 min post-induction (284.8 &
68.98 ng/g; p = 0.019). Cortisol continued to increase similarly in
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FIGURE 2
Cortisol release (ng/g tissue) over time (min) from head kidney fragment in response to the induction of medium containing ACTH alone, ACTH in
combination with adrenaline (ACTH + Adr), ACTH in combination with noradrenaline (ACTH+Nor), or adrenaline and noradrenaline (Adr+Nor). ACTH
concentration in the media was 10-¢ M, while it was 10~ for adrenaline and noradrenaline. The “+" indicates a significant difference between ACTH
(red), ACTH+Adr (green), ACTH-+Nor (blue), and Adr+Nor (black) values at each time point compared with their values at 10 min. Letters indicate
significant differences between the treatments at each time point. Values are considered different when p < 0.05.

the groups where ACTH was combined with either adrenaline or
noradrenaline throughout the trial.

Discussion

This study aimed to elucidate the role of catecholamines in
regulating the stress response in Atlantic salmon and to address
discrepancies between the traditional model of stress regulation in
fish and emerging evidence challenging it. In the present paper, we
examined whether catecholamines, either alone or in combination
with ACTH, could directly stimulate cortisol production ex vivo.

The results clearly confirm the established role of ACTH
stimulating cortisol release in salmon in a dose-dependent manner.
This mechanism in fish (6, 10) is similar to that of other vertebrates,
including mammals (28-30), in that the stress-related HPI axis
is a principal regulator of cortisol production. This regulation
occurs through a cascade in which the hypothalamus secretes
corticotropin-releasing factor, which stimulates pituitary ACTH
release, ultimately driving cortisol synthesis and secretion by
interrenal cells (6). Sumpter et al. (16), showed that handling
and confinement first induced a steady increase in plasma ACTH
levels, followed by a delayed cortisol release in both coho salmon
(Oncorhynchus kisutch) and rainbow trout (Oncorhynchus mykiss).
In addition, ACTH can also stimulate cortisol production in
other tissues. For example, Samaras and Pavlidis (27) showed
that in vitro ACTH administration increased cortisol release in
isolated scales of sea bass. This effect was reversed when the
scales were incubated with metyrapone, an inhibitor of cortisol
synthesis. However, recent studies in Atlantic salmon have shown
that increases in ACTH do not always clearly precede cortisol
release following stress (11, 12), challenging the classical view that
ACTH alone triggers cortisol production through the HPI axis.
Similarly, in tilapia, the increase in cortisol following stress was not
preceded or accompanied by an elevation in plasma ACTH (18).

Frontiersin Fish Science

One possible explanation for this could be a paracrine stimulation
of cortisol production by catecholamines as observed by Rotllant
etal. (24).

In the current trial, catecholamines alone showed limited
capacity to stimulate cortisol secretion. Only adrenaline produced
a very small increase at 60 min post-induction at the highest
concentration tested, whereas noradrenaline had no effect. These
results suggest possible species-specific differences in paracrine
regulation, as the pattern observed in Atlantic salmon differed
from that reported by Rotllant et al. (24) in sea bass and sea
bream. In sea bream, neither adrenaline nor noradrenaline affected
cortisol release, while in sea bass, both catecholamines stimulated
cortisol secretion. Because the hormone concentrations applied
here were comparable to those used by Rotllant et al. (24),
it remains possible that higher doses might elicit a stronger
stimulatory response.

The most compelling finding of the present study was
the pronounced increase in cortisol production when head
kidneys were co-incubated with both ACTH and catecholamines.
While ACTH alone elicited a moderate cortisol response, the
presence of catecholamines enhanced both the magnitude and
speed of cortisol release. This suggests that catecholamines
may increase the sensitivity or responsiveness of interrenal
cells to ACTH, rather than acting as independent stimulants.
This mechanism appears biologically plausible, as cortisol in
teleost fish, unlike in mammals, often serves dual roles as both
a glucocorticoid and a mineralocorticoid due to the absence
of aldosterone (6, 31, 32). Consequently, cortisol is involved
not only in stress responses but also in lower concentrations
in osmoregulation, ion balance, metabolic processes, and
energy balance (31, 33-35). An experiment by Gesto et al.
(36) on rainbow trout suggested a possible paracrine role of
catecholamines in the head kidney, contributing to enhanced
cortisol production. Interestingly, the authors reported that
increased plasma

intraperitoneal injection of propranolol
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catecholamine secretion and cortisol levels in stressed fish
compared to stressed-only fish or controls. Rotllant et al. (24), in
their study showed that the stimulatory effect of catecholamines
on cortisol production occurs through p-adrenoceptor activation
of the adenylate cyclase-protein kinase A signaling pathway,
ultimately enhancing cortisol synthesis. In Gesto et al.’s (36)
study, however, propranolol treatment—expected to block
effects—did not

production. This suggests the involvement of alternative pathways

B-adrenoceptor-mediated prevent cortisol
beyond B-adrenoceptor signaling.

The combined action of ACTH and catecholamines may
therefore represent an important adaptive mechanism to rapidly
adjust cortisol levels in response to stress. These findings suggest
that sympathetic activation via the catecholamines—adrenaline
and noradrenaline—play a key role in rapidly stimulating cortisol
release during an acute stress episode, even when circulating ACTH
levels are relatively low. By contrast, ACTH alone triggered a lower
cortisol response, implying that it may be more important for
maintaining basal cortisol levels and supporting stress-dependent
physiological regulation when sympathetic activation is minimal.
Although much of this proposed mechanism remains speculative,
this potential synergistic interaction could help explain the
temporal mismatch reported by Balm et al. (18) and Madaro
et al. (11, 12), in which cortisol levels rise rapidly and remain
elevated after acute stress, even though ACTH peaks at a later
stage. In the current trial we tested only a single concentration of
catecholamines in combination with ACTH. It would be interesting
to investigate whether varying catecholamine concentrations can
differentially modulate the magnitude of cortisol release. Such
experiments would provide valuable insight into the capacity of
the sympathetic system to directly fine-tune the stress response in
Atlantic salmon and to assess whether similar mechanisms operate
in other species.

Conclusion

This study provides new insights into the role of catecholamines
in regulating the stress response of Atlantic salmon. The
ex vivo experiments showed that catecholamines alone, at
the concentrations tested, had negligible to minor effects on
cortisol release, suggesting that, at least in Atlantic salmon,
their immediate direct paracrine action on interrenal cells is
limited. However, when combined with ACTH, both adrenaline
and noradrenaline significantly increased cortisol secretion
far beyond that induced by ACTH alone. This synergistic
effect, reported here for the first time in Atlantic salmon,
indicates that catecholamines may act as modulators of
interrenal sensitivity to ACTH rather than as independent
stimulants. Such an interaction emphasizes the importance of
sympathetic activation in shaping the early cortisol response.
As a preliminary ex vivo study, these findings warrant in
vivo validation under controlled acute stress scenarios.
Further studies should also investigate whether the current
observations in Atlantic salmon are consistent across other

fish species.
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