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Abstract Zebrafish (Danio rerio) represents a com-
plementary pre-clinical model in stress and anxi-
ety research. Conspecific alarm substance (CAS), an
alarm pheromone secreted by injured fish, acts as a
warning signal and modulates fear responses. Given
their schooling nature and that injury precedes CAS
release, varying fresh CAS concentrations extracted
from different numbers of CAS-donating zebrafish
may uniquely influence trauma-related behaviours.
Thus, we investigated the behaviour of juvenile and
adult zebrafish exposed to traumatic stress protocols,
in the presence of CAS extracted from varying num-
bers of donating zebrafish. Juveniles were assessed
for anxiety and boldness in the light—dark and open
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field tests (LDT and OFT), while adults were assessed
in the novel tank test (NTT) and novel OFT (nOFT).
We found that (1) trauma minimally impacted juve-
nile behaviour regardless of donor-derived CAS
concentrations, (2) trauma-exposed adults displayed
reduced exploration and heightened risk-taking
behaviours in the NTT and nOFT compared to con-
trol-exposed fish, (3) NTT and nOFT freezing behav-
iours were distinctly emulated in adult fish and (4)
post-trauma behaviour in adults was influenced by the
number of donors. Therefore, CAS concentration as
determined by donor number has age-related effects
on anxiety- and risk-taking behaviours in trauma-
exposed zebrafish, a valuable finding for studies uti-
lising fresh CAS as a stress trigger. While we did not
directly investigate CAS concentration through serial
dilution, our data are of significant translational and
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ethological relevance, highlighting the importance
of in-house method standardization in stress-related
studies utilizing fresh CAS as an alarm cue.

Keywords Conspecific alarm substance -
Zebrafish - Stress - Anxiety - Risk-taking

Introduction

Stress, a state of threatened homeostasis (Agorastos
et al. 2019; Chrousos 2009; Chrousos & Gold 1992;
Pervanidou & Chrousos 2018), is regarded as a nor-
mal adaptive physiological response that is essential
for an organism’s survival (Chrousos 2009; Juruena
et al. 2021; Pechtel & Pizzagalli 2011; Schiavone
et al. 2015; Silberman et al. 2016). However, when
stress becomes excessive, it can surpass the organ-
ism’s natural adaptive capacities, triggering mala-
daptive processes (Agorastos et al. 2019; Chrousos
2009; Pervanidou & Chrousos 2018; Silberman et al.
2016). In humans, this can arise from trauma expo-
sure, resulting in an increased vulnerability to devel-
oping neuropsychiatric disorders, especially anxiety
disorders, depression and post-traumatic stress disor-
der (PTSD) (Agorastos et al. 2019; Belujon & Grace
2015; Chrousos 2009; DeRosse & Barber 2020;
Musazzi et al. 2017; Schiavone et al. 2015).
Considering the unpredictable nature and occur-
rence of severely stressful, i.e., traumatic, events, the
study of human stress often poses ethical and meth-
odological constraints (Bale et al. 2019; Nestler &
Hyman 2010). Thus, our understanding gains much
from research in preclinical model systems, most of
which are developed in rodent strains (Atrooz et al.
2021; de Abreu et al. 2021; Demin et al. 2021; Molet
et al. 2014; Verbitsky et al. 2020). Complementing
existing murine models and clinical studies, zebrafish
(Danio rerio) has emerged as a prominent preclini-
cal model organism that is increasingly utilised
in translational studies of stress and anxiety (Col-
lier et al. 2017; de Abreu et al. 2021; Griffiths et al.
2012; Stewart et al. 2014; Van Staden et al. 2025).
For example, zebrafish, both in the juvenile and
adult stages, share extensive genetic, anatomical and
physiological homology with mammals, including
rodents and humans (Howe et al. 2013; Kalueff et al.
2014a; Kalueff et al. 2014b; Maximino et al. 2015;
Stewart et al. 2014). Specifically, zebrafish possess
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a neuroendocrine stress axis, the hypothalamic-pitu-
itary-interrenal (HPI) axis, which exhibits significant
organisational and functional similarity to the mam-
malian hypothalamic—pituitary—adrenal (HPA) axis
(Alsop & Vijayan 2009; Demin et al. 2021; Steen-
bergen et al. 2011). Additionally, in both humans and
zebrafish, cortisol and noradrenaline are key facilita-
tors of the stress response (Demin et al. 2021; Madaro
et al. 2020; Schreck & Tort 2016; Steenbergen et al.
2011). Their stress-related behavioural repertoire is
also broadly conserved and well-characterised (Col-
lier et al. 2017; de Abreu et al. 2021; Kalueff et al.
2013; Kysil et al. 2017; Sabadin et al. 2022). Spe-
cifically, juvenile and adult zebrafish offer a range of
quantifiable anxiety-like behaviours, such as bright
light avoidance, startled freezing, bottom dwelling
and thigmotaxis (Collier et al. 2017). Conversely,
zebrafish lend themselves well to the study of bidirec-
tional behavioural separation, since subpopulations of
fish can be resistant to anxiogenic stimuli and show
increased risk-taking behaviour (Ariyomo et al. 2013;
Dahlbom et al. 2011; Wisenden et al. 2011; Wright
et al. 2003), a behavioural trait that commonly par-
allels decreased anxiety (Giorgetta et al. 2012; Smith
et al. 2016).

Notably, fish also convey danger signals to con-
specifics via alarm pheromones such as conspecific
alarm substance (CAS), which is released by injured
fish (Chivers et al. 2012; Dgving & Lastein 2009;
von Frisch 1938). CAS is synthesised in the epider-
mal cells of zebrafish and is released when cell mem-
branes are damaged (Chivers et al. 2012; Maximino
et al. 2019; Oliveira et al. 2014). This results in a
stressogenic signal to nearby conspecifics, which
detect CAS through olfaction (Egan et al. 2009;
Lucon-Xiccato et al. 2020; Maximino et al. 2018;
Quadros et al. 2016; Speedie & Gerlai 2008). That
zebrafish release CAS upon injury is important, since
the premise is that, ethologically viewed, CAS acts as
a warning signal only during traumatic experiences.
Also, from an evolutionary and ethological perspec-
tive, it is unlikely that alarm signals in fish carry the
same psychobiological valence as do trauma-related
sensory stimuli in mammals; rather, it is proposed
that its role as an alarm signal coincidentally evolved
secondary to its function as a self-preservatory immu-
nogenic modulator (Chivers et al. 2007). Notably,
zebrafish as young as 5 to 7 days post-fertilisation
(dpf) are capable of sensing and responding to CAS
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originating from adult individuals (Jesuthasan et al.
2021). Since CAS is detected peripherally, neurobio-
logical CAS-triggered contextualisation of traumatic
events is promulgated via bottom-up (i.e., peripheral-
to-central) mechanisms, as opposed to the mainly top-
down psychobiological stress signalling in mammals
(Compas 2006; Theron et al. 2023). In the laboratory,
CAS is commonly employed as a biochemical stressor
in translational studies of anxiety, either in isolation
or in combination with other stressors (Lucon-Xic-
cato et al. 2020; Song et al. 2018; Speedie & Gerlai
2008; Theron et al. 2023; Van Staden et al. 2025).
When administered alone, CAS exposure induces
anti-predatory and anxiety-like responses (Egan et al.
2009; Speedie & Gerlai 2008) as well as heightened
arousal 24 h after exposure (Lima et al. 2015).

CAS has been the subject of scientific inquiry for
nearly a century (von Frisch 1938). However, it is
only recently that the chemical composition of CAS
has been elucidated. Two recent studies have shown
that the parallel detection of two molecules, ostari-
opterin and daniosulfate (Masuda et al. 2024) (also
known as Sa-cyprinol sulfate and Sa-daniol sul-
fate; Li et al. 2023a, b), is responsible for the typical
alarm reactions in zebrafish. However, from an etho-
logical perspective, it remains unclear to what extent
the degree of injury, or alternatively, the number of
injured fish in a school contributes to trauma-related
behaviour in this species. Indeed, most studies to
date have relied on freshly extracted CAS using vari-
ous methods and different numbers of CAS-donating
zebrafish, likely contributing to inconsistent data
relating to CAS-induced anxiety-like responses (Egan
et al. 2009; Lima et al. 2016; Maximino et al. 2018;
Nathan et al. 2015; Quadros et al. 2016). Importantly,
methodological variation is significant, with some
studies using as few as one donor (Maximino et al.
2018), while others use eight (Theron et al. 2023) or
10 (Speedie & Gerlai 2008).

Therefore, the goal of this research was to inves-
tigate the influence of different numbers of CAS-
donating zebrafish, on the trauma-related anxiety-
and risk-related behavioural responses of juvenile
and adult zebrafish exposed to CAS, in combination
with age-appropriate traumatic stress protocols. Our
objective was not to isolate the effects of either stress
or CAS, as this has been extensively studied before
(de Abreu et al. 2021; Demin et al. 2021; Egan et al.
2009; Quadros et al. 2016), but rather to understand

how different numbers of CAS donors would affect
the behavioural outcomes of trauma-exposed fish.

Materials and methods
Fish

A total of 240 randomly chosen wild-type long-
fin zebrafish of both sexes (120 juvenile, 30+3
dpf,+10 mm standard length (SL) and 120 adult,
3-5 months old, +30-40 mm SL) were used as test
subjects in this investigation. Another 50 long-fin
adult zebrafish (4 months old, 40 mm SL, both sexes)
were euthanised and used as CAS donors (refer to
paragraph 2.4). Additionally, 24 tiger barbs (Punti-
grus tetrazona) were used as live aggressors to test
adult zebrafish for risk-taking behaviour (refer to
paragraph 2.5). The progenitor stock for zebrafish and
the experimental tiger barb stock were obtained from
Wave Aquatics (Pretoria, South Africa) and housed at
the National Aquatic Bioassay Facility (NABF) of the
North-West University (NWU), Potchefstroom, South
Africa.

Larval zebrafish were bred in-house from multi-
ple breeding pairs of fish, by means of an iSpawn®
(Zebtech®, Tecniplast®) tank. Eggs were collected
and kept in Petri dishes (9 cmXx2 cm) filled with
E3 media, with approximately 50-60 larvae per
Petri dish. These dishes were placed in an incuba-
tor equipped with a lighting timer and maintained at
28.5 °C until the larvae reached 5-7 dpf, ensuring
swim bladder inflation, which typically occurs around
4 dpf. Every day, Petri dishes were monitored for
deformed and dead fish, which were removed. Fifty
per cent of the E3 media was replaced daily. Between
5 and 7 dpf, fish were transferred to 8-L acrylic tanks
(Zebtech®, Tecniplast®) equipped with 300-um mesh
back wall inserts to prevent larvae from exiting the
tank (50 larvae per tank; excess larvae were bred to
account for unexpected deaths). Larvae were raised
until 30 dpf+3 days at a temperature of 28+1 °C
and a pH of 7.4, with continuous aeration applied
and daily water changes (75% of the total volume)
performed until experimentation (Alestrom et al.
2020). Fish were fed four times daily from 5 through
13 dpf, alternating between freshwater rotifers and
fry food (ZM-000, ZM Ltd.). From 14 through 29
dpf, live Artemia salina (brine shrimp nauplii; Ocean
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Nutrition™, South Africa) and fry food (ZM-000,
ZM Ltd.) were given alternately. Experimental adults
were merely selected from the housing stock of the
NABF and kept in groups of 24 fish per 8-L tank until
experimentation (ZebTec® zebrafish housing system,
Techniplast®, Varese, Italy; pH: 7; conductivity: 600
uS; 26+0.1 °C; 7.2 mg O,/L). Adults were fed fry
food (ZM-400, ZM Ltd.) three times daily by means
of an automated Tritone® feeding system. All tiger
barbs were housed in a separate aerated and temper-
ature-maintained tank (80 L; 24 +0.1 °C; pH: 7) and
fed once daily with either bloodworms (Ocean Nutri-
tion™, South Africa) or Tetramin™ flakes. All fish,
irrespective of age, were maintained on a normal 12-h
light/dark cycle (06h00/18h00). All procedures and
experimental methods were approved by the Anim-
Care Research FEthics Committee of North-West
University (approval number: NWU-00754-22-A5;
Committee Registration Nr. AREC-130913-015;
Approved: 01 June 2022).

Experimental design

One day before traumatic stress (or control) exposure
(experimental day 0), experimental zebrafish were
randomly allocated to five juvenile and adult groups
(n=24 per group). Juvenile zebrafish were transferred

into 3-L holding tanks, whereas adult zebrafish were
transferred into new 8-L tanks.

One cohort in each age group (group JO—juvenile
or group AQ—adult; Ctrl) was used as behavioural
controls (no stress exposure) (Fig. 1). The other four
groups were all subjected to the same juvenile and
adult stressors, respectively. However, each group
was stressed in the presence of a different CAS con-
centration that increased between groups, i.e., groups
J1 and Al (CAS concentrate extracted from one
fish; CAS 1), groups J4 and A4 (CAS concentrate
extracted from four fish; CAS 4), groups J§8 and A8
(CAS concentrate extracted from eight fish; CAS 8)
and groups J12 and A12 (CAS concentrate extracted
from 12 fish; CAS 12) (refer to paragraph 2.4). All
CAS concentrates were freshly prepared immedi-
ately before use in a volume of 10-mL ultrapure water
(Milli-Q®), which was added to 2 L of system water
during execution of the stress protocols.

Zebrafish in each respective group were group-
exposed to either a no-stress (groups JO and AQ) or
traumatic stress (groups J/A 1, 4, 8 and 12) proto-
col on experimental day 1. After stress exposure,
zebrafish were returned to their respective home tanks
until behavioural testing the following day (experi-
mental day 2). On day 2, individual zebrafish from
each respective group were gently transferred to the
first of two behavioural tests. Juvenile zebrafish were

Day O Day 1 Day 2
Group allocation (n = 24 each) Sequential stress protocol Behavioural tests

'.5,1 JO  Control (no stress/CAS) 1) Overcrowding 1) Light dark test (LDT)
2 J1  Stress+CAS 1 2) Mechanical stirring 2) Open field test (OFT)
5 J4  Stress + CAS 4 3) *CAS exposure 1
— J8 Stress+ CAS 8 4) Water drainage
g J12  Stress + CAS 12 5) Air exposure Euthanisation
&
‘_‘g A0 Control (no stress/CAS) 1) Overcrowding 1) Novel tank test (NTT)
g Al Stress+ CAS 1 2) *CAS exposure 2) Novel open field and
< A4  Stress+ CAS 4 3) Water drainage boldness test (nOFT)
= A8  Stress+CAS 8 4) Electrical shock l
P A12  Stress + CAS 12 5) Air exposure

Euthanisation

Fig. 1 Experimental layout. *As per group-specific donor fish number. dpf: day post-fertilisation; CAS: conspecific alarm substance
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subjected to light—dark (light—dark test; LDT) and
adult zebrafish to novel tank testing (novel tank test;
NTT) (Fig. 1) first. Following completion of these
tests, juvenile fish were immediately subjected to
open field testing (open field test; OFT), while adult
fish were assessed in a novel version of the open field
that was designed to measure both open field avoid-
ance and aggressor-directed risk-taking behaviour
(novel open field and boldness test; nOFT). Free
exploration of each behavioural test was allowed
for a 6-min videotaped session. Behavioural test-
ing sessions commenced at 08:00 each day. To avoid
satiety-related influences on testing performance, all
zebrafish were fed 1 h before the first behavioural
session began. After the last test was completed,
zebrafish were gently netted from the respective are-
nas and euthanised via immersion in liquid nitrogen
(Simonetti et al. 2016).

Traumatic stress protocol for juvenile and adult
zebrafish

Apparatus

The main stress exposure apparatus used for both
juvenile and adult zebrafish consisted of a rec-
tangular tank constructed from clear Plexiglas®
(28 cmx 14 cmx 10 cm) (Fig. 2). The floor of the
tank comprised two levels, i.e. an internal (false) floor
and a base floor (solid floor). The internal floor of the
apparatus consisted of a Plexiglas® grid to facilitate

water drainage while the solid floor (2 cm below the
internal floor) attached and sealed the tank to its walls
(Theron et al. 2023; Van Staden et al. 2025). The
space between the false inner floor and the solid floor
was used as a conduit for water drainage. A grid of
electrical wiring that was able to conduct electrical
current (peak voltage: 1300 V; peak current: 240 mA;
discharge time: 100 ms; tank resistance: 5 kQ) uni-
formly throughout the entire tank was affixed to the
terminal walls of the tank (Van Staden et al. 2025).
The exposure tank was used as is for the adult stress
protocol. However, for juvenile fish, a transparent
circular sieve (8 cm diameter) was inserted into the
exposure tank (Fig. 2) to reduce the exposure vol-
ume and ensure overcrowding. After each group of
fish was stressed, the tank and, where applicable the
insert, was washed with a salt solution to eliminate
any residual odours and traces of CAS from previous
sessions.

General background

We have previously developed an ethologically rele-
vant and life-threatening traumatic stress protocol for
application in trauma-related translational studies in
zebrafish (Theron et al. 2023). Although said proto-
col was validated in adult fish only, the present work
aimed to extend this approach to juvenile zebrafish,
to enable future research into the impact of early-life
trauma in this species. This approach included a com-
bination of different stressors that have previously

|

28cm

Clear Plexiglas * grid separator

Electrical grid wiring

Adult fish compartment

Juvenile fish sieve insert

Water outlet tap

Tank periphery used for water drainage

Fig. 2 Stress exposure apparatus used for juvenile and adult zebrafish
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been applied in zebrafish aged 5 to 21 dpf, includ-
ing overcrowding (Fontana et al. 2021a, b; Fontana
et al. 2021a, b), mechanical stirring (Fontana et al.
2021a, b; Fontana et al. 2021a, b; Wu et al. 2023),
water drainage (Fontana et al. 2021a, b; Fontana et al.
2021a, b; Lopez-Luna et al. 2017) and air exposure
(Hare et al. 2021; Lopez-Luna et al. 2017). Further,
CAS was used as an additional stressor (Lopez-Luna
et al. 2017) as explained earlier. However, consider-
ing the lack of knowledge regarding the influence
of electrical shock exposure in juvenile fish, we
excluded this stressor from juvenile fish experiments
for ethical reasons. For adult fish, the stressor was
applied as previously described (Piato et al. 2011;
Ramsay et al. 2006; Theron et al. 2023), with slight
modification to allow for group exposure.

Juvenile stress protocol

To elicit a traumatic stress response in juvenile
zebrafish, we combined a series of age-appropriate
stressors, previously employed in juvenile zebrafish
studies, to create the juvenile stress protocol. On
experimental day 1, complete groups of 24 juvenile
zebrafish were transferred from their holding tanks
to clear containers (18 cmx 11 cm X8 cm) filled with
400 mL of system water, where they underwent over-
crowding for 50 min (Fontana et al. 2021a, b; Fon-
tana et al. 2021a, b). Subsequently, fish were gen-
tly transferred to the circular sieve which enclosed
approximately 125-mL system water in the exposure
tank. This transition maintained and intensified the
overcrowded conditions within the sieve, now placed
inside the exposure tank, for the entire duration of the
stress protocol. The exposure tank contained 2 L of
system water, 10 mL of the appropriate CAS concen-
tration (see below) and the euthanised CAS-releasing
fish (Lopez-Luna et al. 2017; Theron et al. 2023).
The inclusion of the euthanized donor(s) served to
simulate a visual life-threatening context similar to
a natural predation scenario, thereby strengthening
the ethological relevance of the protocol and contex-
tualising CAS exposure as an alarm signal released
during actual traumatic events (Theron et al. 2023).
After 10 min in this scenario, fish were subjected to
2 min of mechanical stirring using a Pasteur pipette
(Fontana et al. 2021a, b; Fontana et al. 2021a, b; Wu
et al. 2023), after which the water level was slowly
drained over 3 min until all fish were air-exposed
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(Fontana et al. 2021a, b; Fontana et al. 2021a, b;
Lopez-Luna et al. 2017). Zebrafish were then entirely
air-exposed for 1 min (Hare et al. 2021; Lopez-Luna
et al. 2017) and subsequently transferred back to their
home tanks. Total ammonia nitrogen (TAN) levels
were kept normal as a function of between-exposure
replacement of exposure water with fresh system
water as described previously (Theron et al. 2023).

Adult stress protocol

To elicit a traumatic stress response in adult zebrafish,
we combined a series of age-appropriate stressors,
previously employed in adult zebrafish studies. Adult
zebrafish were transferred in complete groups of 24
fish to the exposure tank containing 2 L of system
water (without the sieve insert). They remained in
this overcrowded condition for 50 min (Piato et al.
2011) prior to the introduction of subsequent stress-
ors. Importantly, the overcrowded condition persisted
throughout the entire duration of the stress proto-
col. After the initial 50 min, 10 mL of the appropri-
ate CAS-containing extracts was introduced to the
tank, together with the euthanised CAS-releasing
fish (Theron et al. 2023). Again, zebrafish were left
for 10 min in this scenario, after which the water was
drained over 3 min (Piato et al. 2011), and a single
electrical shock was applied 90 s after the onset of
water drainage (Theron et al. 2023). Zebrafish were
then air exposed for 2 min before they were trans-
ferred back to their home tanks (Ramsay et al. 2009).
Exposure water was again replaced between each
exposure session.

CAS extraction

Since no standardised method of CAS extraction has
been described, procedures previously described by
Egan et al. (2009), Maximino et al. (2018), Quadros
et al. (2016), Speedie and Gerlai (2008) and Theron
et al. (2023) were used as a guideline. Fresh CAS was
extracted from the appropriate number of CAS-donat-
ing zebrafish (either 1, 4, 8 or 12 fish), immediately
prior to application of the respective stress protocols.
CAS-donating zebrafish were euthanised by means
of a rapid blow to the head followed by decapitation
with a scalpel on a solid, non-porous surface. Fish
were gently dried with paper towel to remove excess
system water and blood and placed in a clean Petri
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dish. To damage the epidermal cells, 10 shallow inci-
sions (approximately 0.5 cm long) were made on each
side of the zebrafish, starting from behind the gills
and extending to just before the caudal fins, using a
standard razor blade. Ten-millilitre ultrapure water
was then added to the Petri dish and mixed to fully
cover the lacerated portions of the donor fish. Euthan-
ised fish were left in this condition for 10 min. Thus,
the concentration of CAS was ‘standardised’ as the
amount of CAS released by the specified number of
zebrafish into 10-mL ultrapure water over 10 min.
The euthanised donors, together with the 10-mL
CAS-containing liquid, were then added to the expo-
sure tank as described earlier, taking into considera-
tion that such addition was made prior to inserting the
sieve, in the case of juvenile stress exposure.

Behavioural tests
General background

All behavioural testing arenas were either placed on
(juvenile LDT and OFT or adult nOFT) or in front of
(adult NTT) an infrared backlight to facilitate auto-
mated behavioural tracking (see below). A digital
video camera was mounted either above or in front
of the respective test apparatuses. All recordings
were analysed by means of the EthoVision® XT 14
digital tracking software (Noldus® Information Tech-
nologies, Wageningen, The Netherlands). The ini-
tial sample size for juvenile and adult zebrafish was
n=120, respectively; however, the final sample size
for juvenile fish was n=119 (one fish was excluded
from group J12 due to accidental injury that occurred
during handling) and n=117 for adult fish (three
fish were excluded; two from group Al and one
from group A4 due to fish jumping from the testing
arenas).

Juvenile LDT

The LDT has been extensively used to assess gen-
eral anxiety, as well as to screen for anxiogenic and
anxiolytic drugs (Collier et al. 2017; Kysil et al. 2017,
Maximino et al. 2010). The LDT was performed in
standard transparent plastic Petri dishes (8.5 cm in
diameter). Two thirds of the diameter of the Petri dish
consisted of a clear background. The other third was
black. To obscure external cues, the side perimeters

of the Petri dishes were rendered opaque with white
and black tape which covered the sides along the cor-
responding floor colours of the dish. Apart from the
larger area of the Petri dish, a virtual border zone
(1 cm from the sides) was delineated to score thig-
motaxis. Before each assessment, each Petri dish
was filled with 45 mL of system water. During any
given assessment session, 12 zebrafish were indi-
vidually transferred to 12 Petri dishes (12 zebrafish
tested simultaneously) whereby free exploration was
allowed for a 6-min, videotaped session. Increased
time spent in the black zone and in the entire border
zone (expressed as the percentage of the total testing
time) was regarded as anxiety-like behaviour.

Juvenile OFT

Slightly deviating from the juvenile LDT, the OFT is
commonly used to assess general locomotor activity
and novelty-evoked anxiety-like behaviours (Collier
et al. 2017; Maximino et al. 2010). The OFT appa-
ratus and test setup was the same as that used for the
LDT (8.5 cm in diameter). A similar virtual border
zone (1 cm from the sides) was delineated to score
thigmotaxis. However, in this instance, the entire
floor was clear, while the entire side was covered with
white opaque tape. Total distance travelled was used
to assess changes in locomotion. Increased time spent
along the border of the Petri dish was regarded to be
indicative of anxiety-like behaviour.

Adult NTT

The NTT is used to measure locomotion, anxiety-
like behaviour and boldness in zebrafish (Col-
lier et al. 2017). On any given day of testing,
zebrafish were individually placed in a novel tank
(25 ecmx10 cmXx7 cm) constructed from opaque
white Plexiglas®, except for the front- and back-
facing panels, which was left clear to facilitate auto-
mated scoring. The tank was filled with the 1300-mL
system water and virtually divided into two zones, i.e.
top and bottom, to provide a detailed assessment of
vertical swimming activity. Locomotor activity was
measured as a general indicator of activity. More time
spent in and entries made into the top zone of the
tank were indicative of a lesser degree of anxiety and
increased risk-taking behaviour (Collier et al. 2017).
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Adult nOFT

A novel version of a standard open field, the nOFT
maze, was designed for the present purpose and used
to simultaneously assess light—dark preference, open
field ambulation and aggressor-directed, i.e. risk-tak-
ing, behavioural response (Van Staden et al., 2025).
The maze was constructed from clear (floor) and
opaque white (walls) Plexiglas® (22.5 cm ()X 15 cm
(w)x6 cm (h); Fig. 3) and physically divided into
four compartments, viz. (i) a dark compartment (start-
ing box), constructed from black, infrared-translu-
cent Plexiglas® (5.6 cmx5.6 cmXx6 cm); (ii) a large
open area (22.5 cmX 15 cmXx6 cm); (iii) a passage-
way (11.5 cmX5.6 cmXx6 cm) and (iv) an aggressor-
containing compartment (7.5 cmXx7.5 cmX6 cm),
the latter which was only visible and accessible via
the passageway. The dark compartment had a remov-
able sliding door, which closed off the opening into
the larger maze at the onset of experimentation. The
aggressor-containing compartment, always con-
taining two tiger barbs, was also constructed from
opaque white Plexiglas® with a clear floor. The side
of this compartment adjoining the larger maze was
constructed from a clear Plexiglas® grid, enabling

experimental zebrafish to see into and visually inter-
act with the aggressors when facing this wall; how-
ever, fish could not interact physically. Zebrafish had
to enter the proximity area directly in front of the
aggressor compartment; before seeing or interacting
with aggressors was possible. A virtual border zone
was drawn around the open field area of the maze to
measure thigmotaxis. At all times, the maze was filled
to a depth of 5 cm with system water. Zebrafish were
individually placed into the starting box of each maze
and allowed to freely explore the maze for 6 min. On
each day of testing, maze water was changed after
every two trials (van der Westhuizen et al. 2023; Van
Staden et al., 2025). Additionally, aggressor fish were
rotated with new individuals after every two trials to
minimise stress. Locomotor activity was measured as
a general indicator of activity. Increased time spent in
the dark compartment or within a virtual border zone
delineated 1 cm from the sides of the open field (thig-
motaxis) was regarded to represent anxiety-like behav-
iour. Conversely, increased time spent in the centre of
the open field was indicative of decreased anxiety-like
behaviour, while aggressor-interaction, reflected by
increased time spent in the proximity area, was applied
as a measure of boldness/risk-taking.

Fig. 3 Schematic representation of the novel open field and
boldness test (nOFT); a side view and b top view. (1) dark
compartment to measure scototaxis, (2) maze walls to meas-
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Statistical analysis

Statistical analyses were performed with the GraphPad
Prism® 8.0.1 software. Considering the degree of var-
iance displayed in the behaviour of zebrafish in each
group, Kruskal-Wallis tests were applied to deter-
mine if CAS concentration impacted the behavioural
output of juvenile and adult zebrafish, as measured
against the control. Post hoc pairwise comparisons
were performed using Dunn’s procedure. Statistical
significance was set at p <0.05 for all analyses. Where
applicable, pairwise comparisons were informed with
calculations of Cohen’s d effect size to establish the
magnitude of the effects observed. Effect sizes were
considered large at 0.8 or greater (Cohen 1988). All
graphs and figures were prepared with GraphPad
Prism® version 10 (GraphPad®, San Diego, USA).

Results
Juvenile behaviour
LDT (Fig. 4; Supplementary Table 1)

In terms of total distance swam in the LDT (Fig. 4a),
median scores did not differ significantly between the
different concentrations of CAS exposure (H[4]=7.3,
p=0.12). There was also no difference between the
median times spent freezing (H[4]=6.6. p=0.16,
Fig. 4b) or time spent in the dark third of the Petri
dish (H[4]=1.4. p=0.84, Fig. 4c). However, the
median times spent in the entire border zone of the
Petri dish differed significantly between groups
(H[4]=11.8, p=0.02), with juvenile zebrafish
exposed to CAS extracted from a single fish, spending
significantly less time in the border (235 s), compared
to non-stressed fish (298 s; p=0.01, d=0.8, 95CI
[—1.432,-0.250], Fig. 4d). Descriptive statistics are
provided in supplementary Tables 1A—D.

OFT (Fig. 5; Supplementary Table 2)

CAS concentration affected neither the total distance
moved (H[4]=5.5, p=0.24, Fig. 5a), nor the total
time spent in the border zone of the OFT Petri dish
(H[4]=1.2, p=0.88, Fig. 5c). Further, while stress-
paired CAS concentration impacted the time spent

freezing (H[4]=9.5, p=0.05, Fig. 5b), no statistically
significant differences were demonstrated between
any of the exposure groups. Descriptive statistics are
provided in supplementary Tables 2A—C.

Adult behaviour
NTT (Fig. 6; Supplementary Table 3)

Trauma-paired CAS exposure broadly impacted all
NTT outcomes (Fig. 6). Median scores differed sig-
nificantly between groups with respect to the total
distance swam (H[4]=36.9, p<0.0001, Fig. 6a),
time spent freezing (H[4]=31.7, p<0.0001, Fig. 6b),
number of entries into the top zone (H[4]=16.3,
p=0.003, Fig. 6¢) and the time spent in the top zone
of the tank (H[4]=19.7, p=0.0006, Fig. 6d).

With respect to the total distance swam, the
median scores of all stress-exposed groups, except
the Al group, were significantly lower compared
to that of control-exposed fish (1828 cm) (Al:
1587 cm, p=0.06, d=1.1, 95CI [-1.717,-0.473];
Ad4: 1411 cm; p=0.0001, d=14, 95CI
[-2.033,-0.752]; A8: 1278 cm, p<0.0001, d=2.0,
95CI [-2.658,—1.270] and A12: 1502 cm, p=0.01,
d=1.2, 95CI [-1.814,—0.581]). Fish in groups A4
(5.9 s, p=0.0007, d=1.1, 95CI [0.433, 1.656]) and
A8 (6.7 s, p<0.0001, d=1.1, 95CI [0.514, 1.736])
also spent significantly more time freezing, compared
to control-exposed fish. The median number of top
zone entries made by fish in groups A4 (25 entries,
p=0.03, d=0.9, 95CI [-1.528,—0.322]) and A8 (23
entries, p=0.002, d=1.3, 95CI [-1.890,—0.645])
was significantly less compared to those made by
control exposed fish (38 entries), while fish in group
A12 spent significantly more time in the top zone of
the arena (193 s), compared to non-stress-exposed
fish (84 s, p=0.0002, d=1.4, 95CI [0.733, 1.994]).
Although narrowly missing statistical significance,
fish in group A8 trended towards the same (152 s,
p=0.17,d=0.7,95CI [0.144, 1.315]). Descriptive sta-
tistics are provided in supplementary Tables 3A—D.

nOFT (Fig. 7; Supplementary Table 4)
Of all the measured anxiety- and boldness-related

parameters, significant differences between the
median values of groups were only shown with
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Fig. 4 Behavioural responses of juvenile zebrafish in the
LDT under different conditions: control conditions (JO) and
traumatic stress exposure paired with varying CAS concentra-
tions (J1-12). Horizontal lines represent the median values of
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control-exposed fish. Kruskal-Wallis test followed by Dunn’s
procedure for multiple comparisons (n=24 per group, except
group J12 where n=23). Data are presented as median with
interquartile range. *p <0.05
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Fig. 5 Behavioural responses of juvenile zebrafish in the
OFT under different conditions: control conditions (JO) and
traumatic stress exposure paired with varying CAS concentra-
tions (J1-12). Horizontal lines represent the median values of

respect to freezing time (H[4]=20.8, p=0.0003,
Fig. 7b) and time spent in the dark compartment of
the maze (H[4]=18.0, p=0.001, Fig. 7c).

Specifically, adult fish in the Al (1.3 s, p=0.03,
d=0.5, 95CI [-1.107, 0.070]) and A8 (2.6 s,
p=0.02, d=0.7, 95CI [-1.279,-0.112]) groups
froze significantly less than did the non-stressed fish
(37.0 s). Fish in group A8 also spent significantly
less time in the dark compartment (0.0 s), compared
to their AO counterparts (104.2 s, p=0.02, d=0.8,
95CI [—1.342,-0.169]). Group medians for all
other parameters were similar (total distance swam:
H[4]=5.3, p=0.256, Fig. 7a; time spent in the bor-
der zone: H[4]=5.1, p=0.281, Fig. 7d; time spent in
the proximity of the aggressor: H[4]=38.1, p=0.089,
Fig. 7f). Although the median times spent in the
open field of the maze differed significantly between
groups (H[4]=15.0, p=0.005, Fig. 7e), no pairwise
differences between non-stressed-exposed and either
of the stress-exposed groups were shown. Descriptive
statistics are provided in supplementary Tables 4A
-F

Interestingly, zebrafish showed distinct freezing
responses in the NTT and the nOFT with control fish
spending significantly less time freezing in the NTT,
compared to the nOFT (AO: 3.8 s vs 37 s, p=0.0004,
d=1.2, 95CI [0.576-1.809]; Table 1; data not rep-
resented in figures). Additionally, distinct freezing
responses were observed between stress-exposed
groups across the two tests, highlighting the differ-
ential behavioural responses in the two tests after

control-exposed fish. Kruskal-Wallis test followed by Dunn’s
procedure for multiple comparisons (n=24 per group, except
group J12 where n=23). Data are presented as median with
interquartile range

CAS-paired trauma exposure (Al: 52 s vs 1.3 s,
p=0.014, d=0.5, 95CI [-0.079 to 1.123]; A4: 59 s
vs 53.7 s, p=0.018, d=1.1, 95CI [0.500-1.748]; AS:
6.7 s vs 2.6 s, p=0.026, d=0.3, 95CI [-0.268 to
0.871]; A12: 49 s vs 12.7 s, p=0.17, d=0.9, 95CI
[0.259—1.443]; data not represented on figures).

Discussion

In this work, we explored the impact of trauma-
paired CAS concentrations using different numbers
of CAS-donating zebrafish on the associated behav-
ioural responses of juvenile and adult zebrafish. Our
data revealed four main findings, i.e. (1) stress-expo-
sure, irrespective of CAS concentration as extracted
from different CAS-donating zebrafish, had a limited
impact on the overall behaviour of juvenile zebrafish;
(2) adult stress—exposed fish showed less explora-
tion and more risk-taking behaviour in the NTT and
the nOFT; (3) the overall impact of stress in adult
zebrafish was modulated by CAS concentration as
extracted from different CAS-donating zebrafish and
(4) the anxiety-like behaviour of control and stress
exposed adult zebrafish is distinctly emulated in the
NTT and nOFT, as evidenced by freezing behaviours.

Zebrafish, across all life stages, have emerged as
a prominent species for investigating stress and anx-
iety-related behaviours (Collier et al. 2017; Demin
et al. 2021; Egan et al. 2009; Lucon-Xiccato et al.
2020; Wu et al. 2023). They exhibit a heightened
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sensitivity to diverse stressors including novelty,
anxiogenic drug exposure, CAS and predator expo-
sure (Cachat et al. 2011; Collier et al. 2017). Several
behavioural paradigms have been proposed to assess
and quantify these behaviours, including the LDT,
OFT and NTT (Collier et al. 2017; Kysil et al. 2017,
Maximino et al. 2010). While CAS has been a subject
of study for the past few decades (von Frisch 1938),
several uncertainties confound its application in anx-
iety-related studies. The lack of standardised CAS
extraction methods, specifically pertaining to the
number of CAS donors used (Maximino et al. 2018;
Speedie & Gerlai 2008; Theron et al. 2023), not only
introduce methodological variation across studies, but
also complicate between-laboratory conclusions relat-
ing to stress research in this species. To this end, we
aimed to explore how increasing the number of CAS-
donating zebrafish when extracting CAS would alter
anxiety- and risk-taking behaviours when paired with
a standardised traumatic stress protocol in both juve-
nile and adult zebrafish.

Behaviour of juvenile zebrafish

In terms of our first main finding, the post-stress
responses of juvenile zebrafish in the LDT and
OFT were striking. Compared to non-stressed fish,
the behaviour of stressed juvenile fish remained
unchanged across most of the measured LDT (Fig. 4)
and OFT (Fig. 5) parameters. This observation is
intriguing considering the severity of the stress proto-
col applied. One plausible interpretation might be that
during stress-sensitive developmental stages, expo-
sure to excessive or traumatic stress may heighten
the sensitivity of neuroendocrine responses to stress
(Agorastos et al. 2018; Pervanidou & Chrousos
2018). This may result in a twofold outcome: either
an exaggerated and prolonged activation or, alterna-
tively, hypoactivation of the stress system, the latter
resulting in a vulnerable phenotype marked with dis-
rupted stress reactivity (Agorastos et al. 2018; Perva-
nidou & Chrousos 2018). Here, our data point to the
latter outcome, manifesting as subtle behavioural
adaptations, which only reached significance with
respect to one of the measured parameters, i.e. thig-
motaxis in the LDT (Fig. 4d). Importantly, it should
be considered that the effects of early-life stress expo-
sure on behavioural outputs may also only become
evident in adulthood, i.e. post-neurodevelopment,

as has been shown before (Eachus et al. 2021) and
which is supported by the present results (see below).

While unexpected, the behaviour of the non-
stressed juvenile cohort needs closer attention to
fully explain this result. Anxiety-related assessments
in zebrafish involve the evaluation of behavioural
responses within an unfamiliar environment (Cachat
et al. 2011; Collier et al. 2017; Kysil et al. 2017,
Maximino et al. 2010). Exposure to novel and poten-
tially dangerous environments, as was arguably rep-
resented here by the LDT and OFT arenas, triggers
naturalistic avoidance-related behaviours in various
taxa, including zebrafish, a phenomenon believed to
originate from their evolutionarily ingrained anti-
predator instincts (Blaser & Penalosa 2011; Col-
lier et al. 2017; Levin et al. 2007; Tan et al. 2022).
In this sense, a significant reduction in thigmotaxic
behaviour is generally regarded as a decreased anxi-
ety-like response (Ahmad & Richardson 2013; Col-
lier et al. 2017; Lockwood et al. 2004; Schnorr et al.
2012; Wu et al. 2023). However, considering the evi-
dent reduction in thigmotaxic behaviour of fish in the
J1 group, it is likely that this response is related to
a stress-induced adaptation to the naturalistic open
field avoidance shown here to a novel arena by con-
trol-exposed fish. Indeed, fish have been shown to
deliberately suppress their stress response, potentially
resulting in less anxiety-like behaviours (Schreck &
Tort 2016). In line with this perspective, we have
shown previously, albeit in adult zebrafish, that
stress memory consolidation is robustly modulated
by the degree of psychobiological stress experienced
(Theron et al. 2023). Specifically, zebrafish exposed
to a severe stressor (which included CAS exposure)
in the presence of additional adrenaline exposure
showed less anxiety-like behaviour in an NTT, com-
pared to zebrafish exposed to either the stressor (with
CAS) or adrenaline alone. Further, since the anxiety-
like behavioural responses of zebrafish exposed to a
stressor (with CAS) and adrenaline, respectively, are
similar (Theron et al. 2023), it is possible that CAS
itself elicits an analogous biological stress response
in zebrafish to that of the adrenergic system in iso-
lation. The present result would lend further support
to this hypothesis in showing that juvenile zebrafish
exposed to CAS extracted from varying numbers of
CAS donors showed less anxiety-like behaviour or,
alternatively, increased risk-taking behaviour, com-
pared to fish stressed in the same manner, but in the
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«Fig. 7 Behavioural responses of adult zebrafish in the nOFT
under different conditions: control conditions (AO) and trau-
matic stress exposure paired with varying CAS concentrations
(A1-12). Horizontal lines denote the median values of control-
exposed fish. Kruskal-Wallis test followed by Dunn’s proce-
dure for multiple comparisons (n=24 per group, except group
Al where n=22 and A4 where n=23). Data are presented as
median with interquartile range. *p <0.05

presence of other CAS concentrations. Although not
statistically significant, similar noteworthy trends
were also mimicked by a decrease in the freezing
behaviour of J1-fish, compared to JO fish, in both
the LDT (Fig. 4b) and the OFT (Fig. 5b). It is thus
also conceivable that certain behaviours may exhibit
greater sensitivity to specific experimental manipula-
tions than others, or alternatively, that some param-
eters, i.e. thigmotaxis, more robustly identify stress-
associated behavioural outcomes. This has also been
shown by others (De Marco et al. 2014). Still, that
no change in the thigmotaxis of J1 zebrafish was
observed in the OFT remains perplexing. A potential
explanation for this could be related to habituation,
since the dimensions of the LDT and OFT applied
in sequence here were similar (Bencan et al. 2009;
Wong et al. 2010). Collectively, unanticipated post-
stress behavioural responses, as also shown here, are
not entirely unknown in zebrafish research. A simi-
lar finding was reported by Fontana et al. (2021a, b),
who also showed decreased thigmotaxis in juvenile
(21-day-old) zebrafish after application of a 7-day
stressor. As such, paradoxical responses of juvenile
zebrafish in stress-related behavioural studies should
be considered as equally important indicators of
stress responses.

Behaviour of adult zebrafish

Adult zebrafish showed a CAS group—specific adap-
tion in terms of their anxiety-like and risk-taking
behaviours, compared to fish in the AO group (Figs. 6
and 7), with CAS extracted from eight zebrafish
notably producing the most consistent behavioural
change. In the NTT, changes were observed through-
out all measured parameters. In the nOFT, findings
were less clear, although zebrafish in the A8 group
also presented with decreased scototaxis and freezing
responses, compared to their AO counterparts.

In terms of the measured locomotor parameters
in the NTT, all stressed zebrafish presented with

decreased tank exploration, compared to control-
exposed fish (Fig. 6a). This was evinced by a sig-
nificant reduction in the total distance swam for
all groups, except the Al group, which marginally
missed significance (p=0.063). Except for fish in
the A1 and A12 groups, the same trend was shown in
terms of freezing responses, with increased freezing
generally regarded as anxiety-like behaviour (Cachat
et al. 2011; Collier et al. 2017; Egan et al. 2009; Kysil
et al. 2017; Stewart et al. 2012, 2011; Fig. 6b). This
result must be considered together with the increased
top-dwelling behaviour, which is normally regarded
as an anxiolytic response (Bencan et al. 2009; Col-
lier et al. 2017; Kysil et al. 2017) or alternatively
increased risk-taking (Fontana et al. 2021a, b; Thorn-
qvist et al. 2019) behaviour of the same fish, shown
in Fig. 6d. We thus propose that the stress protocol
employed here, combined with different concentra-
tions of CAS extracted from up to eight fish, resulted
in inflated anxiety-like and risk-taking behaviour,
when compared to the responses of AQ zebrafish.
Similarly, although differing in their method of
extraction and concentration variation, Speedie and
Gerlai (2008) showed that increasing CAS concen-
trations were associated with increased anxiety-like
behaviour in an NTT, however only up to a ‘medium’
concentration, whereas higher concentrations elicited
behaviours akin to that shown by the control (Speedie
& Gerlai 2008). Although following a slightly differ-
ent approach, Li et al. (2023a, b) showed the same,
with the stock solution (CAS extracted from 10
donor fish) causing significantly elevated anxiety-
like behaviours, compared to serial dilutions of said
stock. Although it is difficult to directly compare our
findings with that of previous authors, the present
results follow a trend similar to that of Speedie and
Gerlai (2008), with CAS extracted from eight fish
causing the most noticeable effect on the behavioural
response of adult fish, in general (Fig. 6a—c). A pos-
sible explanation for these results could be related to
the magnitude of the psychobiological stress experi-
enced with differing CAS concentrations, an aspect
that we alluded to earlier.

In contrast, findings from the nOFT revealed
a notable divergence from those observed in the
NTT, particularly in terms of freezing behaviours.
Specifically, in the NTT, fish from the A8 group
demonstrated a decrease in freezing behaviours,
whereas the nOFT revealed an increase in freezing
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Table 1 Descriptive statistics pertaining to time spent freezing by adult fish in the NTT and nOFT

Exposure groups Descriptive statistics

NTT vs nOFT Median time spent Mean +SD )4 d CId

freezing (sec)
A0 3.8vs37 3.635+1.619 vs 62.93 +69.98 0.0004 1.2 0.576-1.809
Al 52vs 1.3 6.675+4.411 vs 28.89+59.67 0.0141 0.5 —0.079 to 1.123
A4 5.9 vs 53.7 8.826+6.876 vs 82.78 +92.38 0.0177 1.1 0.500-1.748
A8 6.7 vs 2.6 9.451+7.096 vs 20.34 +50.31 0.0257 0.3 —0.268 t0 0.871
Al2 49vs 127 5.897+5.082 vs 52.55+77.01 0.1702 0.9 0.259-1.443

behaviours compared to the controls (Figs. 6b and
7b). Despite potential confounding factors, the
behaviour of control-exposed fish highlights an
intriguing discovery: they displayed significantly
fewer freezing behaviours in the NTT compared to
the nOFT (Table 1; p=0.0004). This observation
is interesting as it underscores a phenotypic dif-
ference in the naturalistic behaviours of zebrafish
across the two tests. Zebrafish inhabit natural envi-
ronments such as rice paddies, shallow ponds and
standing water bodies (Kalueff et al., 2014b; Spence
et al. 2008). In these environments, zebrafish are
exposed to sympatric predators, including fishing
birds (Spence et al. 2006), which may trigger escape
behaviours. It is highly likely that the shallow depth
typical of the nOFT may more closely resemble the
natural zebrafish habitat, potentially leading to a
greater degree of freezing behaviour. Conversely, the
NTT’s greater depth offers a potential escape route
from predators, which could result in reduced freez-
ing responses. The notable difference in the etiologi-
cal meaning of the two tests thus becomes evident in
that the NTT simulates an escapable scenario, while
the nOFT represents a more exposed environment.
As such, freezing behaviours of fish can arguably not
be compared directly between the two tests. It should
be noted that although CAS undoubtedly influenced
the stress responses of zebrafish in a concentration-
specific manner, a definite conclusion regarding the
most stressogenic concentration remains difficult to
draw. While exposure to CAS extracted from eight
zebrafish is consistently associated with the most
robust presentation of anxiety-like behaviour, neuro-
biological measurements of among others, noradren-
alin, will be needed to corroborate these data.

While our study provides valuable insights, some
important limitations of our approach should be noted.

@ Springer

Although we did not assess either trauma or the effects
of CAS concentration on its own as stress-modulatory
factors, this has been investigated extensively before,
using among others serial dilutions of stock solutions
prepared from one or more fish. Considering the intro-
duction to this paper, this was not the focus of our
investigation. However, conducting neurochemical
analyses, specifically of cortisol and noradrenaline,
would have offered valuable insights into the neuro-
logical and physiological mechanisms underpinning
the observed behavioural changes, especially as it
manifested as a function of varying numbers of CAS
donors. In the same sense, it would have been fruit-
ful to quantify and characterize CAS between the dif-
ferent groups to confirm whether actual concentration
differences could be observed between the different
donor groups. However, while these and other simi-
lar studies are on-going, the pertinent question in this
work was to establish if methodological variance in so
far as the number of CAS-donating zebrafish would
influence the behavioural outcomes of trauma-exposed
fish. Still, addressing the collective of these limitations
in future studies will improve our understanding of the
intricate interplay between behaviour and underlying
physiological processes.

Conclusion

Here, we show that CAS, extracted from different
numbers of donating zebrafish, is an important factor
for consideration in zebrafish stress research. Further,
juvenile zebrafish exhibited reduced anxiety-related
thigmotactic behaviours in the LDT when exposed
to trauma paired with CAS extracted from one adult
zebrafish. Conversely, adult zebrafish display a
donor number—dependent effect of CAS exposure
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on anxiety-related outcomes, where stress-paired
CAS extracted from eight zebrafish ostensibly pro-
duced the most notable anxiety-like response. Sev-
eral factors may underlie these findings. While the
study revealed disparate responses between juvenile
and adult zebrafish, it did not specifically establish
whether juveniles perceive the same number of CAS-
donating zebrafish and by implication concentrations,
as aversive as observed in adults. It is plausible that
juvenile zebrafish may demonstrate less aversion to
CAS exposure than adult fish or demonstrate greater
resilience to traumatic stress overall. Nonetheless, our
study represents the first investigation into how meth-
odological variance in terms of different numbers of
CAS-donating zebrafish paired with traumatic stress
modulates the behaviours of both juvenile and adult
zebrafish. While our findings are valuable in improv-
ing experimental design in zebrafish stress research,
the data presented here must be extended on a neu-
robiological level to clarify the physiological under-
pinnings of the present results. Furthermore, when
employing multiple behavioural paradigms to assess
for anxiety-like behaviours in zebrafish, it is crucial
to consider the test-specific naturalistic behaviour as
an explanatory background against which to interpret
experimental results. Collectively, this study estab-
lishes CAS as a key modulator of the stress response
in zebrafish, shedding light on the intricate interplay
between age, number of CAS donors and behavioural
outcomes in traumatic stress—related contexts.
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