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ARTICLE INFO ABSTRACT

Keywords: The looming stimulus is a widely used paradigm for investigating defensive behaviours in prey-predator contexts,
Loomin‘g as it simulates an approaching threat through the rapid expansion of a dark disk. Such stimuli typically evoke
Oxytocin fight, flight, or freeze responses. In the present study, the role of the nonapeptides oxytocin and vasotocin, both
Vasotocin known for their roles in social behaviour and stress regulation, in the behavioural and endocrine response to a
Betta splendens . . . . .. . . . .

Stress looming stimulus in the Siamese fighting fish Betta splendens was assessed. Fish displayed pronounced freezing

behaviour and the expression of conspicuous body stripes in response to a 10-min looming stimulus. Despite the
marked behavioural reaction, no concomitant changes in plasma cortisol levels were recorded. The oxytocin
receptor antagonist (L-368,899) did not affect the behavioural response, whereas treatment with the vasotocin
receptor antagonist Manning compound enhanced fight and reduced flight responses. None of the nonapeptides
modulated post-looming plasma cortisol levels. These findings provide new insights into the expression and
regulation of stripe patterns in B. splendens, a phenomenon previously noted in aquaculture and behavioural
studies but not quantitatively described, and highlight the involvement of the vasotocin system in the modulation

of defensive strategies.

1. Introduction

In Nature, animals frequently encounter various types of threats,
such as the presence of predators. Once a threat is detected, animals may
enter a state of stress that activates defensive reactions to cope with the
predator's presence. High-imminence, proximal threats provoke the
“fight-flight-freeze” response. This response relies on what was first
described in the “fight or flight” model by Cannon (1932), and later
expanded to include the “freeze” response through the revised Rein-
forcement Sensitivity Theory by Gray and McNaughton (2000). These
“fight-flight-freeze” responses are considered defensive fixed reaction
patterns; unlike simple reflexes, they are less directly tied to stimulus
intensity, have slower onset, and involve complex, coordinated behav-
ioural patterns (Ledoux and Daw, 2018). In addition, studies in rodents
have shown that these defensive behaviours are modulated by different
brain areas, each involved in specific responses depending on threat
proximity (reviewed in Tseng et al., 2023). The areas involved are part
of structures such as the limbic system or the hypothalamus, specifically
the paraventricular nucleus, the starting point of the hypothalamic-
pituitary-adrenal axis (HPI axis), which initiates the stress response.

This indicates that defensive behaviours and the stress response are
closely linked, and when we refer to a defensive state and stress, we are
addressing a complex, multicomponent condition modulated by several
overlapping factors.

A key feature of this stress response is its regulation by neuropep-
tides, including oxytocin and vasotocin, in this paper referred to as OT
and VT, respectively, following the suggestion by Theofanopoulou et al.,
2021. OT and VT in fish are implicated in a wide range of functions.
They have been principally studied in contexts related to social behav-
iour (e.g. reviewed in Kareklas et al., 2025), sexual behaviour and
reproduction (Altmieme et al., 2019; Goncalves et al., 2024), as well as
osmoregulation (Kulczykowska, 2019). In addition, both nonapeptides
influence and modulate the stress response by acting directly on the HPI
axis, and it is this role in stress modulation that the present paper in-
vestigates. OT exerts an anxiolytic effect, reducing both the activity and
responsiveness of the HPI axis in a context-dependent manner (when the
OT system is active) (Abramova et al., 2020; Jurek and Neumann, 2018).
VT, on the other hand, influences pituitary adrenocorticotropic hormone
(ACTH) and interrenal cortisol output, primarily activating the HPI axis
(anxiogenic effect) (e.g. Balment et al., 2006; Gesto et al., 2014). In fish,
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the effects of OT on stress have been mainly investigated in social con-
texts, particularly its role in social buffering during stress tests
(Akinrinade et al., 2023; Wilson et al., 2024), as well as in anxiety-like
behavioural assays such as the open field and dark-light arena tests.
While OT's role in social buffering is well established, its function during
stress tests remains unclear. Most studies using antagonists or mutant
lines report no effect of OT on anxiety-like behaviour (Gemmer et al.,
2022; Landin et al., 2020; Ribeiro et al., 2020), although OT agonists
have produced anxiolytic effects in zebrafish Danio rerio larvae (Maciag
et al., 2025). Considering VT's role, for example, in rainbow trout
Oncorhynchus mykiss, VT transcript levels increase in parvocellular, but
not magnocellular, neurons (Gilchriest et al., 2000), supporting VT's
direct involvement in ACTH secretion (Baker et al., 1996; Rivier and
Vale, 1983). Braida et al. (2012) showed that nonapeptides and their
antagonists modulate behavioural responses to predators in zebrafish in
a dose-dependent manner, with nonapeptides decreasing and antago-
nists increasing fear responses, suggesting that these systems act in the
same direction. Additionally, the anxiolytic drug diazepam reduced
freezing behaviour in this context, indicating an anxious component in
the observed response (Braida et al., 2012). Investigations of non-
apeptide modulation of the stress responses have been conducted pri-
marily in zebrafish (e.g. Braida et al., 2012; Maciag et al., 2025), with
research on other species being limited (e.g. rainbow trout, Gilchriest
et al., 2000). The species examined in this study, the Siamese fighting
fish Betta splendens contrasts with the highly social zebrafish in being
notoriously solitary, as males actively defend territories from other
males, with the two species diverging for more than 100 million years
(Zhang et al., 2022). This provides an opportunity to investigate the role
of OT and VT in the modulation of the stress response across fish species
with divergent social systems and that are phylogenetically distant.

In fish, several experimental paradigms have been used to simulate
the presence of predators. Two of the most common predation-related
stressors are alarm substances, chemical compounds released by some
fish species in the presence of threats to signal danger to others, and the
looming stimulus, a sudden appearance of a shape to mimic the shadow
or the presence of a predator. Alarm substances represent a socially
mediated form of threat detection, as they are part of a chemical
communication system. However, the existence of alarm substances has
been demonstrated in only a few species, including the Nile tilapia
Oreochromis niloticus, convict ciclid Amatitlania nigrofasciatus, frillfin
goby Bathygobius soporator (reviewed in Maximino et al., 2019), zebra-
fish (Speedie and Gerlai, 2008), and other Cyprinids (Dgving et al.,
2005). The looming stimulus is highly reproducible due to the possi-
bility of controlling its appearance and mode of presentation, allowing
for cross-species comparisons under the same experimental paradigm.
Furthermore, it represents a purely visual input, making it more suitable
for visual-guided species such as the Siamese fighting fish B. splendens.
Considering that alarm substances have so far not been described for this
species, the looming stimulus was selected as a predation-related
stressor. Further, although no published description exists about the
natural predators of B. splendens, their habitat in shallow and still water
bodies suggests that aerial predators like birds, simulated by the looming
stimulus, may be common (for a description of the habitat, see Ramos
et al., 2025).

The looming stimulus is typically presented in two dimensions, often
on a screen, mimicking the approach of an object that may represent a
predator. Responses to the looming stimulus have been studied and
characterised across multiple taxa, including insects (Fotowat and
Gabbiani, 2007; Holmgqvist, 1994; Zacarias et al., 2018), fish (Dill,
1974; Preuss et al., 2006), crustaceans (Oliva and Tomsic, 2012), rep-
tiles (Hayes and Saiff, 1967), amphibians (King et al., 1999), birds (Sun
and Frost, 1998; Tronick, 1967), mammals (Cruz et al., 2020; Schiff
et al., 1962; Yilmaz and Meister, 2013), and humans (Ball and
Tronick, 1971; Bower et al.,, 1971). One of the most common re-
sponses to the looming stimulus is a fast-start escape (Bhattacharyya
et al., 2017; Dunn et al., 2016; Preuss et al., 2006; Temizer et al.,
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2015), with a dark expanding disk being particularly effective in elic-
iting this reaction in zebrafish larvae (Temizer et al., 2015).

Beyond overt behaviours such as freezing or escape, Siamese fighting
fish also exhibit pronounced colour changes during stress response,
commonly referred to as “stress stripes”. While previously described in
aquaculture settings, these stripes have never been systematically
studied/characterised or quantified. A few articles mention stripes in
various contexts, but never consider them as the primary research focus.
For example, Robertson and Sale (1975) proposed the use of a model
with longitudinal stripes as a submissive male, without further analysis
or reference, while Braddock and Braddock (1955) observed stripes in a
pre-fight context but did not explore the phenomenon further. The
looming stimulus provided a tool to study this phenomenon in further
detail.

Given this background, our study aimed to characterise the behav-
ioural response of B. splendens to the looming stimulus, a tool commonly
used to mimic imminent threat or predator approach in a laboratory
context and known to induce defensive behaviour and stress response. In
addition, we investigated the potential effects of OT and VT on the stress
response to a looming stimulus by administering receptor antagonists
for both nonapeptides. As this is the first study to explore these questions
in the Siamese fighting fish, particular attention was given to the anal-
ysis of the behavioural response, including a quantitative assessment of
stress stripe expression.

2. Materials and methods
2.1. Animals and housing

The subjects used in the experiment were male B. splendens, aged
between 26 and 40 months, from the F2 generation of a cross between a
wild-type and a fighter strain (for details on this line, see Ramos et al.,
2021). The rationale of using F2 hybrids was to capture potential vari-
ation in the OT and VT system across different lines of the species,
considering that these strains already showed to differ in the expression
of behaviour and endocrine response when tested in other contexts, such
as aggression (Ramos and Goncalves, 2019, 2022). Prior to the experi-
ment, fish were kept in individual tanks (9 W x 9D x 20H cm) with
shelters and were visually isolated from conspecifics for at least 48 h.
Fish were fed twice daily: commercial dry food (Atison's Betta Pro) in the
morning and live food (adult artemia) in the afternoon. No food was
provided on the day of the experiment. Tank conditions, both for
grouped and isolated fish, were kept constant, with a temperature of 28
+ 1 °C, a 12:12 h light:dark photoperiod, and water supplied by reverse
osmosis (RO) with salinity maintained at 250 ppm.

2.2. Experimental setup — Baseline

The baseline experiment aimed to assess the behavioural and endo-
crine response of fish to the looming stimulus without nonapeptide
manipulation. The test chamber consisted of a 25 W x 12.5D x 20H cm
tank illuminated by a diffuse LED panel. Two Raspberry Pi camera
modules (V2; one side view and one top view; 1640 x 922 px, 30 fps),
each connected to an independent Raspberry Pi 4B board, allowed
recording the trial. An LCD screen was positioned on the short side of the
tank and remotely controlled via a Raspberry Pi board, displaying a
white background during acclimation and recovery periods, and the
looming stimulus video during the test phase (Fig. 1).

Fish were assigned to four different groups: Looming (n = 8), Control
(n = 8), Looming-Recover (n = 9), and Control-Recover (n = 9). There
were no significant differences in weight (W) or standard length (SL) in
fish from different groups (One-way Anova, W: F(3 30y = 0.4166, p =
0.7423; SL: F(328) = 0.2962, p = 0.8278). All groups underwent a 60-
min acclimation period in the test tank (25 W x 12.5D x 20H cm).
This was followed by a 10-min test phase where fish in the Looming and
Looming-Recover groups were exposed to the looming stimulus (three
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Fig. 1. Experimental set-up representation. After an acclimation phase, a
looming stimulus was triggered on a screen in non-control groups, displaying a
white background otherwise. The behaviour was recorded with both a top and a
side camera. Illumination was provided by a diffuse LED strip.

random presentations per minute, each consisting of an approximately
0.5 s expansion period, during which the circle rapidly expanded to
cover the entire display), whereas those in the Control and Control-
Recover groups received no stimulus. The experiment was terminated
for the Looming and Control fish, while Looming-Recover and Control-
Recover groups experienced an additional 30-min recovery period after
the test phase. Behavioural experiments were conducted between 10:40
and 19:00. Fish were distributed to time slots using a balanced design,
such that each group was tested a comparable number of times in each
time period.

At the end of the experiment, fish were anaesthetised with buffered
MS222 (400 mg/L), weight and standard length were measured, and
blood (approximately 10 pL) was collected from the caudal vein using a
heparinised 27G syringe. Blood samples were centrifuged for 15 min to
obtain plasma, which was transferred to a new clean tube and stored at
—20 °C for hormonal analysis. After blood collection, animals were
recovered and returned to their home tanks.

2.3. Experimental setup — OT and VT receptor antagonists experiment

Fish were randomly assigned to seven treatments that consisted of
intraperitoneal injections with one of the following compounds: saline
solution (0.9% NaCl in Milliq water, control group, n = 9); the OT re-
ceptor (OTR) antagonist L-368,899 hydrochloride (CAT#2641; CAS
1603112-62-9; Tocris Bioscience) at 1 pg/gbw (g body weight) (L1-low
dosage, n = 11), 3 pg/gbw (L3-medium dosage, n = 10), 5 pg/gbw (L5-
high dosage, n = 10); and the VT receptor (VTR) antagonist Manning
compound (CAT#V2255; CAS 73168-24-8; Sigma) at 1 pg/gbw (M1-
low dosage, n = 8), 3 ug/gbw (M3-medium dosage, n = 10), 5 pg/gbw
(M5-high dosage, n = 10). Each fish was weighed prior to injection to
ensure the volume administered was adjusted according to body weight.
There were no significant differences in weight (W) or standard length
(SL) between groups (Kruskal-Wallis test, W: H(6) = 2.140, p = 0.9063;
SL: H(6) = 2.045, p = 0.9156). Injections were performed using a 1 mL
syringe (BD). The choice of antagonists and concentrations was based on
literature review. L-368,899 is a non-peptidergic antagonist that inhibits
the OTR in mammals, leading to significant behavioural changes (Boccia
et al., 2007), and has a higher affinity for the OTR than for the VIR
(Landin et al., 2020; Manning et al., 2012). Additionally, as an unbiased
antagonist, L-368,899 blocks OTR signalling through both Gq and Gi
pathways (Williams et al., 2020). Dosages were selected after testing the
concentrations proposed by Landin et al. (2020) for zebrafish (5, 50 and
100 pg/g body weight). In B. splendens, doses of 50 and 100 ug/g
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resulted in mortality, so 5 pg/g body weight was chosen as the highest
dosage, with 3 pg/g body weight and 1 pg/g body weight as medium and
low doses, respectively. The Manning compound is a widely used VTR1a
receptor antagonist in research, known to have almost no antidiuretic
activity (Guillon et al., 2004) and to block the VT signalling in teleosts,
producing observable behavioural effects (Mahlmann et al., 1994;
Semsar et al., 2001; Semsar and Godwin, 2004; Yaeger et al., 2014). In
the aforementioned articles, a dosage of 3.2 pg/g body weight was used.
Since there were no previous reports of antagonist use in B. splendens,
doses of 1, 3, and 5 pg/g body weight were selected as low, medium, and
high, respectively.

The experimental setup was as previously described (Fig. 1). All fish
underwent a 60-min acclimation period, a 10-min looming stimulus
exposure phase, and a subsequent 30-min recovery period. Behavioural
experiments were conducted between 09:00 and 17:00. Fish were
distributed to time slots using a balanced design to ensure that the
different treatments were tested throughout the day, following the same
approach used in the baseline experiment. After recovery, fish were
anaesthetised with buffered MS222 (400 mg/L), measured, and blood
(approximately 10 pL volume) was collected from the caudal vein using
a heparinised 27G syringe. Blood collection for hormonal analysis was
performed as previously described, after which the animals were
allowed to recover and were returned to their home tanks.

2.4. Behavioural observation

For each fish, data from the two cameras was combined and in-house
deep-learning software applied to extract variables related to the 3D
position in the tank, including time spent within 5 cm of the stimuli,
within 4 cm of the surface or bottom, and total distance travelled. The
three spatial coordinates (x, y, z), extracted for each time frame, were
used to compute a time-binned analysis of the distance travelled every
10 min. Aggressive display was quantified through the only two
aggressive behaviours observed: time with opercula open (measured
using the in-house software) and time with distended fins (measured
manually with BORIS; Friard and Gamba, 2016). The duration of
immobility, defined as no movement except for the eyes and gills, and
erratic bursts, consisting of sharp changes in direction or velocity
(Kalueff et al., 2013), was also registered manually using BORIS. To
quantify stripe appearance, we measured the variance of grayscale pixel
intensity in a fixed square located in the middle of the body using Fiji
(Schindelin et al., 2012). Stripes were measured from the side view at
the midpoint frame of each time period/bin, with the fish positioned
laterally toward the side-view camera. It is important to note that both
vertical and longitudinal stripes were observed and recorded. The
variance of grayscale pixel intensity here is intended as a measure of
overall change in colour pattern (from homogeneous to heterogeneous),
without addressing the functionality of stripe orientation. As B. splendens
is a labyrinth fish capable of air breathing, the number of breaths (air
gulps) was manually counted using BORIS as an indicator of metabolic
effort (Alton et al., 2012).

2.5. Hormonal analysis

Plasma cortisol concentration was measured with competitive
enzyme-linked immunosorbent assay (ELISA) kits (Cayman Chemical),
following the manufacturer's instructions. Ramos et al., 2021 previously
confirmed the absence of interference in this species and with these
ELISA kits by performing serial dilutions of a plasma pool and
comparing the resulting slope to that of a standard curve. All standards
and samples were measured in duplicate with a 1:20 dilution in EIA
buffer. To analyse all samples, three assay runs were required. The intra-
assay coefficient of variation, calculated from the duplicate samples, was
4.5% for the baseline groups. The samples from the groups treated with
the nonapeptide receptor antagonists were divided as follows in two
assays:assay 1,Cn=5,L1n=5,L3n=5,L5n=5Mln=5M3n=>5,
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M5n=6,andassay2,Cn=4,L1n=6,L3n=>5,L5n=5,M1n=3,M3
n =5, M5 n = 4, with an inter-assay coefficient of variation of 4.9% and
7.6% respectively.

2.6. Data analysis

All data were tested for normality and homoscedasticity using Sha-
piro-Wilk's and Levene's tests, respectively. If parametric assumptions
were violated, variables were log-transformed and retested. When the
transformation did not resolve violations, appropriate non-parametric
tests were applied. The analysis performed will be described sepa-
rately for each parameter, with first a description of the baseline
experiment and then the antagonist receptor experiment.

Factor analysis. Factor analysis was conducted separately for the
baseline and receptor antagonist treatment experiments, using the
following variables: aggressive display (total duration of threat display,
including opercular opening and fins distention), time spent immobile,
total duration of erratic bursts, distance travelled, time spent near the
test area, time spent near the surface, time spent near the bottom,
presence of stripes (grey pixel standard deviation), and number of sur-
face air breathing events. Factor analysis was performed using the R
factanal() function, with three factors, estimated according to the
method proposed by Morton and Altschul (2019), and varimax rotation,
which is recommended for smaller sample sizes (Budaev, 2010).

After the extraction of factor scores, for the baseline experiment,
comparisons between the two main test types (Control vs Looming)
during the test phase were performed using Welch's t-test or Wilcoxon
signed-rank test, depending on data distribution assumptions. Since the
four baseline test types did not differ during the test phase, they were
analysed together. Effect sizes were calculated as Cohen's d for t-tests
and r (Wilcox effect size) for Wilcoxon tests.

For the receptor antagonist treatment, Kruskal-Wallis tests were used
(due to non-parametric data) to assess dosage effects, with rank epsilon
squared for effect size. To examine treatment, factor, and interaction
effects, a nonparametric analysis using the aligned rank transform (ART)
procedure was performed using the ARTool (v0.11.2; Kay et al., 2025)
package in R, followed by pairwise comparisons within each treatment
(Dunnett's test against control) and calculation of Cliff's delta for effect
size.

Time-binned distance travelled. Time-binned analysis on distance
travelled every ten minutes was calculated for both baseline and re-
ceptor antagonist injection experiments.

For the baseline, the two looming groups and the two control groups
were combined, and a linear mixed model was used to test for effects of
test type (Control vs. Looming), test phase (PRE10, PRE20, PRE30,
TEST, POST10, POST20, POST30), and their interaction. Subject ID was
included as a random intercept. Effect sizes (partial eta squared) and
marginal/conditional R? values are reported. Pairwise comparisons of
test type groups were conducted within each test phase (comparing
Control vs. Looming). In addition, planned comparisons of selected time
points were performed within each test type to assess the differences
between consecutive test phases, as well as between each PRE and POST
phase relative to TEST.

For the receptor antagonist injection experiment, a linear mixed
model was used with fixed effects for treatment (C, L, M as no effect was
observed between dosages on the behavioural measures) and test phase
(PRE10, PRE20, PRE30, LOOMING, POST10, POST20, POST30) with
subject ID as a random effect. Effect sizes (partial eta squared) and
marginal/conditional R? values are provided. Planned comparisons of
selected time points, including consecutive test phases, as well as each
PRE and each POST phase relative to LOOMING, were performed to
assess temporal changes, ignoring treatment group, as the interaction
between treatment and time was not significant.

Stripes. Stripe presence in the baseline experiment was analysed
using a linear mixed model to assess the effects of test type (Control vs.
Looming), test phase (pre, test, post), and their interaction, with subject
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ID as a random intercept. Partial eta squared and marginal/conditional
R? values are reported. Pairwise comparisons for treatment within each
timepoint and for timepoint within each treatment were performed with
Tukey adjustment.

For the receptor antagonist injection experiment, during the looming
phase, a one-way ANOVA was conducted to test for treatment effects on
stripe appearance, with partial eta squared as effect size. As treatment
did not have a significant effect, all data were combined to examine
changes in stripe appearance across phases using a Kruskal-Wallis test,
followed by Dunn's post hoc test with Holm correction and eta squared
for effect size.

Hormonal analysis. For baseline cortisol analysis, a two-way ANOVA
examined the effects of test type (Control vs. Looming), sampling time
(10 min post-test or 30 min after the recovery phase), and their inter-
action, reporting partial eta squared and R2.

For the receptor antagonist treatment, two one-way ANOVA assessed
the effects of treatment and dosage, with eta squared as effect size.

Immobility. Immobility during recovery in the receptor antagonist
experiment was analysed using Welch's ANOVA due to unequal group
sizes and variances, with eta squared as the effect size.

Statistical analyses were performed using R Statistical Software
v4.3.0 (R Core Team, 2021). Graphical representations were carried out
using GraphPad© Prism (v8.4.0; GraphPad Software LLC, San Diego,
CA), and figures were edited and completed using Inkscape®© (v. 1.2.2;
Free Software Foundation Inc.).

2.7. Ethical note

All methods adhered to the ASAB/ABS (“Guidelines for the treatment
of animals in behavioural research and teaching”, (Anim. Behav.,
2012)). This study followed the ethical guidelines enforced at the
Institute of Science and Environment of the University of Saint Joseph,
and work with the species is approved by the Division of Animal Control
and Inspection of the Civic and Municipal Affairs Bureau of Macau, li-
cense AL017/DICV/SIS/2016.

3. Results
3.1. Baseline

Factor analysis. The factor analysis (KMO = 0.59, Bartlett's: y2 =
219.08, p < 0.001) extracted 3 factors: factor 1 exhibited significant
loadings (> 0.4) for erratic burst and distance travelled, representing the
flight response; factor 2 loaded highly (> 0.4) on immobility and on
stripes, which we interpret as the freeze response; and factor 3 showed
strong loadings (> 0.5) for aggressive display and time spent near the
surface, corresponding to the fight response (Table 1 - Refer to the
Supplementary Video 1 for illustrative videos). Fish exposed to the
looming stimulus showed a higher level of freezing response (Wilcoxon
signed-rank test p < 0.0001, r = 0.784) compared to the control fish;

Table 1

Loadings extracted from the factor analysis of behaviours during the baseline
experiment. Significant loadings that contributed to the definition of the
different factors are highlighted in bold.

Loadings Factor 1 Factor 2 Factor 3

Aggressive Display —0.131 0.131 0.560
Immobility —0.186 0.677 —0.360
Erratic Burst 0.991 0.079 0.082
Distance travelled 0.853 —0.495 0.153
Time near Test 0.087 —0.099 0.375
Time near Surface 0.458 —0.476 0.698
Time near Bottom —0.387 0.414 —0.821
Stripes 0.032 0.549 0.034
Air breaths 0.176 —0.734 0.133

Flight Freeze Fight
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however flight (Wilcoxon signed-rank test p = 0.118, r = 0.276) and
fight (t(30.7) = —0.53, p = 0.601, d = —0.184) behaviours did not differ
between the two test types (Fig. 2A).

Time-binned distance travelled. The time-binned analysis for the dis-
tance travelled was computed excluding the three high-activity in-
dividuals because they disproportionately influenced the variance
structure, obscuring the overall pattern of the data. The results showed a
significant main effect of test phases (F(e, 128.94) = 9.46, p < 0.001, n% =
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individuals did not vary in the distance travelled across the different
time phases, except for TEST and POST10 phases (see Table 2A in

Table 2

Loadings extracted from the factor analysis of behaviours during the receptor
antagonist experiment. Significant loadings that contributed to the definition of
the different factors are highlighted in bold.

0.66), but no significant main effect of test type (F(1, 30.23y = 0.01,p = Loadings Factor 1 Factor 2 Factor 3
2 e e
0.915,.1]P = 0.9004). Importantly, there was a mgn;ﬁcant test t.ype' X t.est Distance travelled 0.261 0.923 0.054
phase interaction (F(g, 128.94) = 7.88, p < 0.001, nj = 0.609), indicating Time near Surface 0.993 0.064 _0.067
that the effect of the looming stimulus varied across different test phases; Time near Bottom 0.997 -0.118 —0.095
conditional and marginal R? were respectively 0.549 and 0.282. Post Aggressive Display —0.182 0.099 0.837
hoc comparisons within test phases revealed that Control and Looming ?;:;ﬁi‘ﬁ;st 78'532 g'gi: :g'izé
differed between them only during the TEST phase (estimate = 44.882, Air breaths _0.620 0.387 _0.261
SE = 8.78, t-ratio = 5.111, p < 0.0001). All the other test phases showed Immobility 0.406 —0.374 —-0.171
no differences (see Table 1 in Supplementary Material for all planned Stripes -0.102 0.112 -0.270
comparisons). Planned comparison within test type showed that control Freeze Flight Fight
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Fig. 2. Behavioural and physiological responses of B. splendens under Control and Looming conditions. (A) Behavioural factors analysed in Control and Looming
groups. Significance levels are indicated as <0.0001 (****). (B) Distance travelled every 10 min across all four test types. Statistical analysis was conducted only for
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Supplementary Material for all planned comparisons). Meanwhile,
regarding the Looming group, the TEST phase showed lower distance
travelled compared to the PRE phases and the POST phases (Fig. 2B) (see
Table 2B in Supplementary Material for all planned comparisons).

Stripes. Treatments (F(1 3361) = 9.84, p = 0.004, ng = 0.227), test
phase (F(2,51.10) = 8.55, p = 0.0006, nf, = 0.337), and their interaction
(F2,51.10) = 10.5, p = 0.0002, ng = 0.381) all had significant effects on
the appearance of stripes (conditional R? = 0.401, marginal R? = 0.164).
In the control group, no significant differences were observed among
test phases: PRE vs TEST (estimate = 0.038, SE = 46.3, t-ratio = 0.234, p
= 0.97); PRE vs POST (estimate = 0.079, SE = 0.205, t-ratio = 0.384, p
= 0.92); and TEST vs POST (estimate = 0.041, SE = 0.205, t-ratio =
0.197, p = 0.98). In contrast, individuals subjected to the looming
treatment showed a significantly higher standard deviation of grey
pixels intensity on the side, reflecting the presence of stripes, during
both the TEST (estimate = — 0.099, SE = 0.169, t-ratio = —5.891, p <
0.0001) and POST phases (estimate = —0.76, SE = 0.216, t-ratio =
—3.524, p = 0.0025) compared to the PRE phase. There was no signif-
icant difference between the TEST and POST phases (estimate = 0.24,
SE = 0.216, t-ratio = 1.088, p = 0.523), indicating that the fish did not
come back to their normal colouration during the recovery period
(Fig. 2C).

Hormonal analysis. Neither treatment (F, 27y = 0.76, p = 0.39, ng =
0.0027), moment of collection (F(;,27) < 0.01, p = 0.99, ng < 0.001), nor
their interaction (F(1,27) = 0.14, p = 0.71, n% = 0.005) had a significant
effect on cortisol levels (R2 = 0.03) (Fig. 2D).

3.2. OT and VT receptor antagonists experiment

Factor analysis. The factor analysis (KMO = 0.63, Bartlett's: y2 =
344.71, p < 0.001) extracted 3 factors: factor 1 exhibited significant
loadings (> 0.4) for time spent near the bottom and immobility, rep-
resenting the freeze response; factor 2 loaded highly (> 0.5) on distance
travelled and erratic burst, which we interpret as the flight response; and
factor 3 showed strong loadings (> 0.5) for aggressive display corre-
sponding to the fight response (Table 2). Factor loadings for factors 1
and 3 were sign-adjusted so that positive loadings consistently indicate
greater expression of the defining behaviours. Dosages did not affect any
of the three factors analysed: freeze (Kruskal-Wallis chi-squared = 3.55,
df =6,p = 0.737, 12 = 0.06, 95% CI = [0.06,1.00]; flight (Kruskal-
Wallis chi-squared = 6.0625, d.f. = 6, p = 0.416, 12> = 0.11, 95% CI =
[0.09,1.00]; and fight (Kruskal-Wallis chi-squared = 4.7052, d.f. = 6, p
= 0.582, nz = 0.08, 95% CI = [0.06, 1.00] (Fig. 3A). In the model
analysis, neither the main effect of treatment (F(o, 53) = 2.28, p = 0.11)
nor the variable (F(2, 106) = 0.80, p = 0.45) was statistically significant.
However, there was a significant interaction between treatment and
variable (F(4, 106) = 4.98, p = 0.001), indicating that the effect of
treatment depended on the specific behaviour measured. Specifically,
injection with the Manning compound significantly increased the fight
response compared to the saline control (estimate = —60.4, p = 0.0499,
Cliff's delta = —0.41, 95% CI = [-0.77, 0.14]), and decreased the flight
response relative to the saline (estimate = 65.8, p = 0.029, Cliff's delt =
0.5, 95% CI = [-0.29, 0.88]) (Fig. 3B).

Time-binned distance travelled. The three treatments analysed (C, L
and M) did not differ in the distance travelled (F(2,65) = 0.7869, p = 0.46,
ng = 0.024) at any of the test phases. However, the test phase had a
significant effect on the distance travelled (F(e, 390) = 12.94, p < 0.0001,
n% = 0.544), as also observed in the baseline experiment. There was no
significant interaction between treatment and test phase (F(12390) =
0.83,p =0.62, ﬂ% = 0.132). During the looming stimulus, fish decreased
their distance travelled compared to the PRE phases (PRE10 - LOOM-
ING: estimate = 32.106, SE = 5.04, t-ratio = 6.374, p < 0.0001; PRE20 —
LOOMING: estimate = 27.305, SE = 5.04, t-ratio = 5.421, p < 0.0001;
PRE30 - LOOMING: estimate = 26.319, SE = 5.04, t-ratio = 5.225,p <
0.0001) and to the later POST phases (LOOMING - POST20: estimate =
—27.511, SE = 5.04, t-ratio = —5.462, p < 0.0001; LOOMING - POST30:
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estimate = —25.618, SE = 5.04, t-ratio = —5.086, p < 0.0001). Unlike in
the baseline, the distance travelled during the looming stimulus and the
first 10 min of the recovery phase did not differ (estimate = —3.924, SE
= 5.04, t-ratio = —0.799, p = 0.987) (see Table 3, Supplementary Ma-
terial for all the planned comparisons). The conditional R? was 0.401,
and the marginal R? was 0.164 (Fig. 3C).

Immobility. Treatments had no significant effect on the immobility
levels during the recovery phase (F22.15) = 2.83, p = 0.08, n2 = 0.09,
95% CI = [0.00,1.00] (Fig. 3D).

Stripes. During the looming test, treatments had no effect on stripes'
appearance (F(354) = 0.55, p = 0.58, nz = 0.02, 95% CI = [0.00,1.00])
(Fig. 2E). However, the test phase itself significantly influenced the fish
colouration (Kruskal-Wallis chi-squared = 28.50, d.f. = 2, p < 0.001, n?
= 0.14) as observed in the baseline experiment. All pairwise compari-
sons between test phases were statistically significant: PRE vs LOOMING
(z=5.33,p < 0.001), POST vs LOOMING (z = 2.67, p = 0.0038), PRE vs
POST (z = 2.75, p = 0.006) (Fig. 1, Supplementary Material).

Hormonal analysis. Neither dosages (F(4,60) = 0.36, p = 0.836, n2 =
0.009, 95% CI = [0.00,1.00]) nor treatment (F260) = 0.29, p = 0.749,
nz = 0.02, 95% CI = [0.00,1.00]) affected plasma cortisol levels
measured after the recovery phase from the looming stimulus (Fig. 3F).

An additional analysis was conducted to assess whether age in-
fluences the cortisol response in the looming paradigm. For this analysis,
older (n = 15) and younger (n = 9) animals were compared. These
sample sizes are smaller than those reported in the main experiments, as
only animals that underwent the looming stimulus without any antag-
onist receptor injection were included. No significant difference was
observed between the two groups (t(22) = —0.7824, p = 0.4423, d =
—0.33; data not shown).

4. Discussion

When subjected to a looming stimulus, most individuals exhibited a
pronounced freezing response, which led to reduced swimming activity.
This response was accompanied by the appearance of vertical and/or
longitudinal stripes on the lateral part of the body, which did not fade
even 30 min after the looming stimulus was removed, indicating that the
fish did not fully recover to their initial state. Our results diverge to some
extent from previous fish studies using the looming stimulus. Other
studies have focused on measuring only the escape response and the
neuronal network underlying it (Bhattacharyya et al., 2017; Dunn et al.,
2016; Temizer et al., 2015), or on the kinematic interactions between
prey and “predator” (Domenici, 2002; McKee and McHenry, 2020),
rather than addressing the physiological stress response elicited by the
looming test. Addressing the fight-flight-freeze response in B. splendens,
our results revealed a clear difference between control and looming
treatments only in the freeze component. In fact, no significant differ-
ences in escape (flight) and aggression (fight) behaviours were recorded
between looming-exposed and control animals. Moreover, the motility
of the animals returned to pre-test values within 10 min after the
looming period ended.

Regarding the receptors' antagonist for OT and VT, no dosage-
dependent effects were observed on the fight-flight-freeze response.
However, treatment with the Manning compound prior to the looming
stimulus led to a decrease in the flight response and an increase in the
fight response, while the freeze response remained unchanged. Treat-
ment with L-368,899 did not produce any significant effects. Neither
compound altered distance travelled, immobility during recovery, or
plasma cortisol levels at any tested dosage. The actions of OT and VT on
the HPA axis are well documented in mammals (Mbiydzenyuy and Qulu,
2024; Satao and Doshi, 2024; Uvnas-Moberg et al., 2024). In fish, in
vitro studies have demonstrated their effects on corticotropin-release
hormone (CRH) release; VTR expression is found in the pituitary pars
distalis, where ACTH cells reside (Rawat et al., 2019), while OTR so far
has only been linked to luteinizing hormone (LH) cells (Yang et al.,
2021). Nevertheless, OT projections reaching the anterior pituitary
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Fig. 3. Behavioural and physiological responses of B. splendens across dosages and treatments with OT and VT receptor antagonists. (A) Behavioural factors analysed
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near CRH receptor sites have been shown (Batten et al., 1999). Addi-
tionally, there is evidence for bidirectional interactions between stress
and the nonapeptide systems. Stressors can alter OT and VT levels in
both brain and plasma, indicating activation of these systems in
response to stress. For instance, increases in OT and VT have been
observed in sea bream Sparus aurata after air exposure (Mancera et al.,
2008; Skrzynska et al., 2018), environmental salinity change (Martos-
Sitcha et al., 2013, 2014), food deprivation (Mancera et al., 2008;
Skrzynska et al., 2017, 2018), and high stocking density (Mancera et al.,
2008; Skrzynska et al., 2018). In freshwater medaka Oryzias latipes,
salinity change also modulates nonapeptide levels (Haruta et al., 1991),
while in rainbow trout, confinement increases VT expression (Gilchriest
et al., 2000). Conversely, in zebrafish, VT levels do not change after
acute or chronic unpredictable stress, despite increased cortisol (Pavlidis
et al., 2015). Cortisol itself can modulate VT levels, as shown in sea
bream (Cadiz et al., 2015). Manipulating the nonapeptide system can
also affect stress physiology: VT administration can alter cortisol re-
sponses (Fryer and Leung, 1982), neurotransmitter levels (Gesto et al.,
2014; Sangiao-Alvarellos et al., 2004), and ion regulation (Sangiao-
Alvarellos et al., 2006). VT can modulate stress-related behaviours as
well: for example, intracerebroventricular injection of VT in goldfish
induced anorexigenic and anxiety-like behaviour (increased time spent
at the bottom of the tank), which could be reversed with Manning
compound (Araishi et al., 2019). The increase in the “fight” response by
administration of the Manning compound observed here was unex-
pected, as VT is generally associated with increased aggression in fish,
and VT antagonists usually decrease aggressiveness (e.g. Santangelo and
Bass, 2006; Semsar et al., 2001; Yaeger et al., 2014). Notably, when the
same pharmacological treatments were used in another experiment
(Fusani et al., 2025), no effects were observed on aggressive behaviours.
One speculative hypothesis is that VT receptor antagonist could act on
pituitary corticotroph cells, which produce ACTH, and thereby modu-
late behaviour. This possibility is indirectly supported by three obser-
vations: 1) in vitro studies have shown that VT can act synergistically
with CRH to stimulate ACTH release (Baker et al., 1996; Pierson et al.,
1996); 2) the pituitary gland in fish is more permeable than the blood-
brain barrier (Anbalagan et al., 2018), potentially allowing easier ac-
cess to the pituitary itself, or possibly to central brain regions; 3) in
zebrafish larvae, pituitary corticotroph cells have been shown to
modulate locomotion, avoidance behaviours, and stimulus responsive-
ness after stress onset (De Marco et al., 2016). It should be noted,
however, that in the study by De Marco et al. (2016), behavioural
changes were accompanied by alterations in cortisol levels, whereas
plasma cortisol did not change in the present study. Moreover, De Marco
et al. (2016) currently provide the only direct evidence for such a
pathway in fish, and extrapolating from zebrafish larvae to adult
B. splendens is necessarily tentative given the substantial evolutionary
divergence between these species (>100 million years, Zhang et al.,
2022) and their different social systems. Future studies could directly
assess whether the antagonist reaches the pituitary and/or central brain
regions, and examine cellular activity markers, such as pRPS6 or
equivalent indicators, in ACTH-producing cells and relevant neural
circuits to clarify the mechanisms through which nonapeptide signalling
modulates fight-flight-freeze responses in B. splendens. Finally, to
confirm the involvement of VT in the fight-flight-freeze response,
further research using VT receptor agonists (rather than only VT re-
ceptor antagonists) could contribute to further elucidate its precise
action.

Despite the clear and visible behavioural and morphological (stripes)
responses, plasma cortisol levels did not change, either at baseline or
following administration of nonapeptide receptor antagonists. The assay
has been previously validated in our laboratory and has reliably detec-
ted differences between groups in agonistic contexts (Ramos et al., 2021;
Ramos and Goncalves, 2022), suggesting that the null result reflects a
genuine biological outcome rather than methodological limitations. To
date, only one study (Cook et al., 2023) has measured cortisol levels
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after a looming test in fish, specifically in adult zebrafish, and found that
whole-body cortisol was positively correlated with the number of
looming disks presented. However, even though the correlation was
significant, it was quite low (R? = 0.173). The relationship between
defensive/antipredator behaviours and cortisol in fish remains unclear.
For example, increases in cortisol have been observed in both juvenile
winter flounder (Breves and Specker, 2005) and zebrafish (Barcellos
et al., 2007) when exposed to predators, either through direct contact
or purely visual cues. Similarly, in Nile tilapia (Sanches et al., 2015)
elevated cortisol levels have been reported in response to conspecifics'
alarm substances. At the same time, other studies have shown that clear
antipredator behavioural responses are not always accompanied by
changes in cortisol level, as seen in zebrafish (Barcellos et al., 2014), Nile
tilapia (Miyai et al., 2016) and juvenile matrinxa Brycon cephalus (Ide
et al., 2003). Additionally, schoolmaster snapper Lutjanus apodus, with
elevated cortisol levels due to implants, did not differ in their behaviour
from those with lower cortisol when subjected to predator-prey in-
teractions (Lawrence et al., 2017). Thus, our results appear to align more
closely with these latter studies, which suggest that cortisol may not be
implicated in defensive behaviours in fish, in our case, in B. splendens. As
it will be discussed in the context of colour change, catecholamines,
rather than cortisol, may play a more significant role in modulating the
stress response to the looming stimulus. Interestingly, to date, there are
no studies specifically addressing the role of catecholamine in defen-
sive/antipredator responses in fish.

Notably, this is the first study to quantitatively measure the
appearance of stripes in fighting fish. Colour change can occur through
either physiological or morphological mechanisms. The former is
induced by acute, transient events, lasting from seconds to hours,
resulting from the motility of pigment vesicles or reflective structures
within the cells, caused by the redistribution of pre-existing structures
(Alfakih et al., 2022; Leclercq et al., 2010). These structures, known as
chromatophores (melanophores, erythrophores and xanthophores, and
leucophores and iridophores), can be controlled by the nervous and
endocrine system (Nery and Castrucci, 1997), with several pathways of
action and targets involved (Nilsson Skold et al., 2013). The latter
mechanism of colour change is slower, occurring over days to weeks,
and is associated with variations in skin pigment concentration and in
the morphology, density, and distribution of chromatophores. This
process involves pigment synthesis and degradation, and is typically
linked to life-stage transitions (Alfakih et al., 2022; Leclercq et al.,
2010).

Previous studies of stress-induced colour changes in fish, such as in
the red porgy Pagrus pagrus (Van Der Salm et al., 2004a), the Atlantic
mackerel Scomber scombrus, (Tveit et al., 2022), the cod Gadus morhua
(Stien et al., 2005), and the Australian snapper Pagrus auratus (Doolan
et al., 2009), have reported uniform body colouration changes in the
context of aquaculture/welfare assessment. In contrast, disruptive col-
ouration may be observed during anti-predator responses (Cuthill et al.,
2005) due to the background pattern. However, the role of background
in the expression of the disruptive pattern remains debated, as multiple
factors likely influence prey detectability by predators (e.g., in humbug
damselfish Dascyllus aruanus (Phillips et al., 2017), and least killifish
Heterandria formosa (Kjernsmo and Merilaita, 2012)). Thus, the stripes
observed here may be part of a defensive mechanism in B. splendens, but
as existing reports are anecdotal and scientific literature is lacking,
further research is warranted. In B. splendens, the stripes' appearance is
also observed during mating, typically in females, and usually manifests
as vertical stripes (Bronstein, 1982), though the underlying mechanisms
and functional significance of this pattern remain unaddressed in pub-
lished studies. To conclude, stripes were clearly associated with the
looming response, but their significance and the ecological function
across other contexts in B. splendens have yet to be investigated. More-
over, few studies have addressed chromatophore types in B. splendens
(Khoo et al., 1997, 2012, 2014), leaving open questions about the
mechanisms underlying stripe formation. However, regarding the
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possible mechanisms controlling chromatophores and driving colour
change, two options can be proposed: 1) hormonal action, specifically
via a-MSH, or 2) a neuronal mechanism, possibly involving catechol-
amines. a-MSH is produced by cells in the pars intermedia of the pitui-
tary. In vitro experiments using the pituitary gland of the red porgy,
P. pagrus, showed that CRH, and thyrotropin-releasing hormone, stim-
ulate o-MSH release, whereas dopamine and melanophore-
concentrating hormone inhibit it (Van Der Salm et al., 2004b). MSHs
stimulate not only melanophores but also other types of chromato-
phores, such as erythrophores, xanthophores, and leucophores, and
different subtypes of receptors seem to be involved (Kobayashi et al.,
2012). Under stress, a-MSH levels can increase, as seen in salmonids
(Sumpter et al., 1985, 1986), in the gilthead sea bream S. aurata (Arends
et al., 1999), and in the European sea bass Dicentrarchus labrax
(Tsalafouta et al., 2017), although the relationship between a-MSH and
stress-induced colour change remains poorly understood. Thus,
measuring plasma o-MSH levels in response to threat stimuli could
clarify whether this mechanism is involved. Regarding the second hy-
pothesis, the role of catecholamines in mediating rapid colour change
has been proposed in several species. For example, experiments have
shown that incubation with norepinephrine (NE) induces chromato-
phore aggregation in the leopard coral trout Plectropomus leopardus
(Zhao et al., 2022, 2024), Atlantic cod G. morhua (Aspengren et al.,
2003), winter flounder Pseudopleuronectes americanus (Burton and
Vokey, 2000), and freshwater snakehead Channa punctatus (Biswas
et al., 2014). Another experiment in winter flounder demonstrated
that incubation with high concentrations of NE induces melanosome
aggregation, while low concentrations cause dispersion, reproducing the
same pattern observed during stress (Burton, 2008). Given the rapid
appearance of stripes in our study, occurring within seconds of the
behavioural change, we hypothesise that the fast colour change
observed during the looming stimulus in B. splendens is likewise medi-
ated by a neuronal mechanism, probably involving catecholamines.

The animals used in this study can be considered relatively older
than the usually tested B. splendens. Although in a previous study, fish of
the same age showed a robust androgen response to a mirror challenge
(Fusani et al., 2025), and the behavioural reaction to the looming
stimulus was robust and expected, and no correlation with age was
found for the hormonal response; one cannot exclude the possibility of
an age-related effect. Hence, further research would be needed to
confirm that the behavioural and endocrine response to the looming
stimulus in this species, and the possible influence of the nonapeptides'
system on it, is consistent across life stages.

5. Conclusion

In summary, we have, for the first time, characterised the response in
B. splendens to a looming stimulus, demonstrating that the primary re-
action is freezing, and that this behaviour is not associated with changes
in cortisol levels. We also present a method to quantify stripe appear-
ance, a key behavioural response to stressors in this species. Addition-
ally, we show that blocking VT can alter the balance of fight-flight
responses by decreasing flight and increasing fight behaviours. These
results highlight the complexity of the defensive response in B. splendens
and the potential role of nonapeptides in modulating these behaviours.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygcen.2026.114965.
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