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The African turquoise Killifish (Nothobranchius furzeri) has emerged as
a popular model organism for neuroscience research in the last decade.
One of the reasons for its popularity is its short lifespan for a vertebrate
organism. However, little research has been carried out using killifish in
behavioral tests, especially looking at changes in their behavior upon aging.
Therefore, we used the open field and the novel tank diving test to unravel
killifish locomotion, exploration-related behavior, and behavioral changes
over their adult lifespan. The characterization of this behavioral baseline is
important for future experiments involving pharmacology to improve the
aging phenotype. In this study, two cohorts of fish were used, one cohort was
tested in the open field testand one cohort was tested in the novel tank diving
test. Each cohort was tested from the age of 6 weeks to the age of 24 weeks
and measurements were performed every three weeks. In the open field test,
we found an increase in the time spent in the center zone from 18 weeks
onward, which could indicate altered exploration behavior. However, upon
aging, the fish also showed an increased immobility frequency and duration.
In addition, after the age of 15 weeks, their locomotion decreased. In the
novel tank diving test, we did not observe this aging effect on locomotion
or exploration. Killifish spent around 80% of their time in the bottom half
of the tank, and we could not observe habituation effects, indicating slow
habituation to novel environments. Moreover, we observed that Killifish
showed homebase behavior in both tests. These homebases are mostly
located near the edges of the open field test and at the bottom of the novel
tank diving test. Altogether, in the open field test, the largest impact of aging
on locomotion and exploration was observed beyond the age of 15 weeks.
In the novel tank diving test, no effect of age was found. Therefore, to test
the effects of pharmacology on innate behavior, the novel tank diving test is
ideally suited because there is no confounding effect of aging.
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1 Introduction

The African turquoise killifish, Nothobranchius furzeri, has an
extremely short lifespan for a vertebrate due to its natural habitat.
They inhabit temporary ponds in Southeast Africa that fill with
water during the rainy season. When the ponds dry out during the
dry season, the eggs survive in the soil and only during the next
rainy season they will hatch (Terzibasi et al., 2007; Cellerino et al.,
2016; Platzer and Englert, 2016). Due to these environmental
conditions, killifish have evolved to develop and grow fast, and
consequently also age fast. In captivity, killifish start dying of old
age between four and six months, and aging characteristics can
already be observed by thirtheen weeks of age. Such characteristics
include spinal curvature, protrusion of the lip, and loss of
coloration in males (Genade et al., 2005; Cellerino et al., 2016;
Platzer and Englert, 2016), but also decreased locomotion and
cognitive disability (Genade et al., 2005; Valenzano et al., 2006;
Terzibasi et al., 2008). Previous research already revealed that
killifish experience an age-related loss in the regenerative capacity
of the brain, visual system, and fin (Wendler et al., 2015; Van
houcke et al., 2021; Vanhunsel et al., 2022). The age-related decline
in regeneration potential allows researchers to exploit the killifish
to study what hampers regeneration upon aging and to find
interventions to boost the regeneration potential (Van houcke
etal,, 2023). The killifish as a gerontology model can be used in the
search for treatments for neurodegenerative diseases, that are
characterized by symptoms like impaired movement, memory
decline, spatial navigation impairments, anxiety, muscle weakness,
etc. To prove the eflicacy of treatments for functional recovery
from brain damage and age-related neuron loss in the killifish,
we need readouts of functional recovery. The open field test is a
widely used behavior test to probe for locomotion and anxiety
parameters in rodents and has been adapted for use in fish (Hall,
1936; Godwin et al., 2012; Stewart et al., 2014). The reaction of the
animal to a novel, open arena is investigated, by analyzing specific
exploration and locomotion parameters. Using this test, some
similarities between rodent and zebrafish behavior were observed,
for example, both display habituation and thigmotaxis behavior
(preference for the edges over the center open zone; Stewart et al.,
2012). In addition, they also show homebase behavior, where they
choose a “safe” space as a return point in the novel arena (Stewart
etal, 2010, 2012). The novel tank diving test has been exploited in
fish research as an alternative to the open field test (Egan et al.,
2009). When zebrafish are placed in the novel tank diving test, they
have an initial diving response, where they dive to the bottom of
the tank as a sign of anxiety. When treated with nicotine, which has
anxiolytic effects, this diving response was not present anymore
(Bencan et al., 2009). The novel tank diving test typically studies
exploration, diving, and immobility/freezing behavior (Blaser and
Rosemberg, 2012; DePasquale et al., 2022). Different teleost species
display different behaviors in these types of behavioral tests (Egan
et al., 2009; Cachat et al., 2010; Matsunaga and Watanabe, 2010;
Godwin et al., 2012; Audira et al., 2021; DePasquale et al., 2022;
Lucon-Xiccato et al., 2022; Saiz et al., 2023). In this study, we,
therefore, tested the new aging model organism N. furzeri in the
open field test and the novel tank diving test over its adult lifespan
to set a baseline for future behavior experiments.
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2 Materials and methods

2.1 Animals

Fish were housed in 3.5L aquaria in a ZebTEC multi-linking
housing system (Tecniplast). One male was housed with three females
until the age of 12 weeks (12w), after which the males were removed.
Housing conditions were standardized: a 12/12h light-dark cycle,
water temperature of 28°C, a conductivity of 600 pS, and a pH of 7.
Fish were fed twice daily with Artemia salina and Chironomidae
mosquito larvae (Ocean Nutrition). Eggs were collected from breeding
pairs as described previously (Van houcke et al., 2021), and golden-eye
stage eggs were hatched in a small layer of cold humic acid (1g/L in
system water; Van houcke et al., 2021). Upon hatching, the humic acid
was diluted daily for four days with aquarium system water, after
which the fish were transferred into the ZebTEC housing system.
We tested two groups of 14-16 female African turquoise killifish
(N. furzeri, inbred GRZ-AD strain) over their adult lifespan in the
open field test (n=16) and the novel tank diving test (n=14). Each
cohort was tested from the age of 6 weeks to the age of 24 weeks and
measurements were performed every three weeks to avoid inter-
session habituation. In the open field test, two fish died due to aging
between age 12 and 15 weeks. In the novel tank test, Two fish died
between ages 18-21 weeks, and two fish died between ages 21-24
weeks. Only female fish were used in this longitudinal experiment to
exclude potential variability in the behavior between males and
females. All experiments were approved by the KU Leuven ethical
commiittee in accordance with the European Communities Council
Directive of 22 September 2010 (2010/63/EU) and the Belgian
legislation (KB of 29 May 2013).

2.2 Open field test

Each fish was tested individually in a transparent tank which was
made anti-reflectant with opaque foil on the lowest 6 cm of the tank
to prevent the fish from seeing its reflection. The tank (32cm x 17 cm)
was filled with a shallow level (6 cm) of aquarium system water (26°C)
to reduce the locomotion in the Z-axis. Animals were transported to
the experimental room in their home tanks and netted into the open
field test arena. Two fish were recorded at the same time, however,
they were not able to see each other because of an opaque partition
between the tanks (Figures 1A,B). A white box was placed around the
testing arena to make sure there were no influences from the
surrounding environment. The arena was virtually divided into a
peripheral and a center zone. The size of the center zone was
determined for each age, based on the body sizes at different ages
(Table 1). The mean body length of the fish age group was subtracted
from the size of the peripheral zone to determine the size of the center
zone. The tanks were placed on an infrared backlight (A>980nm
illumination) and recorded from above with a GigE infrared camera
(Basler) at 25 frames per second. In between every recording, the
water was changed to exclude compounds of the previous fish and to
maintain the same water temperature and oxygenation over all the
experiments. The data was recorded, tracked, and analyzed using the
Ethovision XT17 software (Noldus Information Technology). All
experiments were carried out between 9a.m. and 4 p.m. The fish were
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Open field and novel tank diving test setups and representative results of tracks and heatmaps over different ages. Experimental setup for the open
field (A,B) and novel tank diving test (E,F). Tracks and heatmaps show differences in open field behavior with age, where aged fish spend more time in
the center (C,D). The size of the center zone was adjusted to the size (age) of the fish. (G,H) Example tracks and heatmaps for the novel tank diving test
for 6-week and 18-week-old fish. (I) Representative images of 6-, 12-, 18-, and 24-week-old fish. The arrowheads indicate spinal curvature which is

visible from 12 weeks and the lip protrusion, which is visible from 18 weeks.

habituated for 5 min, after which 30 min recordings were carried out.
To filter tracking noise, a Lowess filter (5 samples), minimal distance
moved filter (0.2cm), and maximum distance moved filter (1.cm)
were applied. Different parameters were examined: total distance
moved, mean velocity, mean mobility, total time spent in the center
zone, total time immobile, and transitions from the periphery to the
center (Figures 1C,D). In addition, these variables were analyzed per
minute to test for temporal behavior patterns within an age group.
Immobility is defined as a velocity lower than 0.1 cm/s for a duration
of a minimum of 1s (Cachat et al., 2010; DePasquale et al., 2022).
Mobility means movement of the fish even if the center point remains
in the same position. At the age of 9weeks, we removed two
recordings, since the recordings were too short for analysis due to a
technical error.
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2.3 Novel tank diving test

Animals were tested individually in a 3.5L ZebTEC aquarium
tank (11 cm x 27 cm) filled with aquarium system water to a level of
15cm. Two tanks were recorded at the same time with an opaque
partition between them to prevent the fish from seeing each other
(Figures 1E,F). Animals were collected from their home tank and
transported in 300mL glass beakers in an opaque box to the
experimental room. Fish were gently poured into the novel tank and
recorded for 30 min immediately after being placed in the tank. The
arena was virtually divided into a top and bottom zone, each
occupying 50% of the water level of the tank. An infrared backlight
(A>980 nm illumination) was placed behind the tanks and behavior
was recorded from the front with a GigE infrared camera (Basler) at
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TABLE 1 Mean fish size for each different age group for fish in the open
field test.

Fish Mean SD SEM Min Max  Number
age fish (cm) (cm)

size

(cm)
6 weeks 1.7 023 0.058 12 2.0 16
9 weeks 2.1 022 0.056 1.8 26 16
12 weeks 22 027  0.068 1.9 2.8 16
15 weeks 23 027 = 0.066 1.9 2.8 14
18 weeks 25 022 0.059 2.1 2.8 14
21 weeks 26 021  0.056 22 3.0 14
24 weeks 2.7 020 | 0.051 24 3.1 14

Minimal and maximal length, standard deviation (SD) and standard error of the mean
(SEM) of fish per age group and the number of fish measured. The length of the fish per age
group was used to determine the size of the center zone.

25 frames per second (Figures 1E,F). In between every recording, the
water was changed to exclude compounds of the previous fish and to
maintain the same water temperature and oxygenation over all the
experiments. The data was recorded, tracked, and analyzed using the
Ethovision XT17 software (Figures 1G,H) (Noldus Information
Technology). All experiments were carried out between 10a.m. and
4 p.m. To filter out tracking noise, the same filters as in the open field
test were applied. Different parameters were analyzed: total distance
moved, mean velocity, mean mobility, total time spent in the top/
bottom zones, time spent in the lower quadrant, immobility
frequency and duration, and latency to the top. In addition, these
variables were analyzed per minute to test for temporal behavior
patterns within the age group.

2.4 Homebase behavior

Homebase behavior was analyzed by virtually dividing the tank
into nine zones. The parameters of total distance moved, time spent
in each zone (%), and the frequency of visits were calculated using
Ethovision XT17. The top three scores for each parameter were
determined and indicated on the heatmaps. If a zone scored highest
on all three parameters, it was considered a homebase (Stewart
etal., 2010).

2.5 Statistical analysis

Statistical analysis was performed using GraphPad Prism (v9.3.1).
The data was first checked for normal (Gaussian) distribution using
the D’Agostino-Pearson omnibus normality test or Shapiro-Wilk test.
If conditions were met, a one-way ANOVA was performed followed
by Tukey’s multiple comparisons test to compare each age with one
another. If the data was not normally distributed, a Kruskal-Wallis test
was used followed by Dunn’s multiple comparisons test. 14 to 16
animals were used per age in the open field test and 10 to 14 animals
were used per age in the novel tank diving test. All values are presented
as the mean + standard error of the mean (SEM). A cut-off of p <0.05
was used as the threshold for statistical significance. Only statistically
significant means are indicated by an asterisk above the bar graphs or
next to the line graphs in the habituation figures. To investigate
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habituation, we examined if the data was normally distributed. If
conditions were met, a repeated measures one-way ANOVA was
performed per age group. If the data was not normally distributed, a
non-parametric Friedman test was used. In the habituation figures,
the asterisk is colored in the same color as the age it corresponds with.
This indicates that there is a significant effect of testing time for that

age group.

3 Results
3.1 Open field test

3.1.1 Fish size

Because Kkillifish continue to grow during their adult lifespan,
we measured their body size at each testing stage to be able to adjust
the size of the center zone in the open field test. They grow
approximately 1cm (40%) from the age of 6weeks to the age of
24 weeks (Table 1). Representative images of a 6, 12, 18, and 24 weeks
old fish are visible in Figure 11.

3.1.2 Locomotion

Analysis of the total distance moved (averaged over the total group
of animals per age; n =14-16) revealed that there was a significant
effect of age (Fs9s =5.319, p <0.0001, one-way ANOVA) on total
distance moved. Using Tukey’s multiple comparisons test, we found
significant differences between 6-18 weeks (p =0.0485), 6-24 weeks
(p =0.0355), 12-18 weeks (p =0.0404), 12-24 weeks (p =0.0294),
15-18 weeks (p =0.0011), and 15-24 weeks (p =0.0008; Figure 2A).
We observed that aged fish swim shorter distances from 18 weeks
onward (Figure 2A). Consistent with the total distance moved, the
mean velocity showed similar differences (Figure 2B). A one-way
ANOVA revealed a significant effect of age on the velocity (Fsgs =5.338,
p <0.0001). Using Tukey’s multiple comparisons test, we found
significant differences between 6-18 weeks (p =0.0425), 6-24 weeks
(p =0.0314), 12-18 weeks (p =0.0409), 12-24 weeks (p =0.0301),
15-18 weeks (p =0.0012), and 15-24 weeks (p =0.0008; Figure 2B).
Fish were moving with the highest mean velocity at the age of 15 weeks
and with the lowest mean velocity at the age of 24weeks
(mean,s,, =2.21 cm/s and mean,,,, 1.04cm/s, Supplementary Table 1).
The mean mobility, which measures when the complete area of the
animal is moving even if the center point of the animal is not moving,
was the highest at 15weeks and the lowest at 24 weeks (Figure 2C). A
Kruskal-Wallis test was performed and a significant effect of age could
be observed for mean mobility (p <0.0001, H=47.94). Using Dunn’s
multiple comparisons test, a significant difference could be observed
between 6-18 weeks (p =0.004), 6-21 weeks (p =0.0105), 6-24 weeks
(p =0.0002), 15-18 weeks (p <0.0001), 15-21 weeks (p =0.001), and
15-24 weeks (p <0.0001; Figure 2C). In the tracks of the recordings
(Figure 1C—all tracks can be found in Supplementary Figure 1), it can
be appreciated that the 15-week-old fish moved the most in the open
field test. Performing this experiment with an independent cohort of
fish at ages 6 and 18 weeks, showed the same pattern of significant
differences for distance moved, mean velocity and mean mobility
(Supplementary Figures 2A-C).

Taken together, 15-week-old fish are the most mobile, swimming
the greatest distance with the highest velocity and 24-week-old fish are
the least mobile, swimming the least and with the lowest mean velocity
(all tracks of all fish can be found in Supplementary Figure 1).
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represent individual fish in panels (A,B). Points represent the means of the different age groups in panels (C,D). n = 14-16 per age group. w = weeks.

15w 18w 21w 24w 6w 9w 12w 15w 18w 21w 24w
E
T 190 Distance moved
< 160
8 130
21
£ 100
2 .
T T T T T 1
e 5 10 15 20 25 30
= Minutes
g 190
~ 160
8 130
< *
8 100
L 4
T T T T T 1
o 5 10 15 20 25 30
Minutes
G_ Mean mobility
< 20
2
E 15
[=}
€ 10
e
< I3
g o T T T T T 1
5 10 15 20 25 30
= Minutes
£ 30
>
£25
Q
g 20 *
c 15
3
L] T T T T 1
= 5 10 15 20 25 30
Minutes

3.1.3 Habituation of locomotion

We also investigated the temporal trend of these parameters per
age group, to look for habituation to the open field test. To this end,
the data were represented as 1 min time bins over the 30 min
recordings (Figures 2D-G). Using repeated measures one-way
ANOVA, we found a significant effect of time on distance moved
for 12 weeks (p=0.0030) and 15 weeks (p=0.0343), where the
distance moved decreased over time (Figures 2D,E, yellow and
green lines). The same temporal changes were observed for the
mean velocity, a significant effect of time was found for 12 weeks
(p=0.0028) and 15 weeks (p=0.0355), where the velocity decreased
over time (repeated measured one-way ANOVA, data not shown
since correlated to distance moved). Lastly, this temporal trend was
again observed for the ages 12 weeks (p=0.0161) and 15 weeks
(p=0.0333) for mean mobility, where the mobility decreased over
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the 30 min recording (repeated measures one-way ANOVA,
Figures 2F,G).

3.1.4 Exploration-related behavior

Time spent in the center zone is typically used to describe the
anxiety and exploration levels of rodents and zebrafish (Godwin et al.,
2012). More time spent in the center zone is interpreted as being less
anxious and more exploratory. Using a Kruskal-Wallis test, a
significant effect of age on the time spent in the center zone was found
(H=35.82, p<0.0001). We observed a clear increase in time spent in
the center zone from 18 weeks onward (Figures 1D, 3A;
Supplementary Figure 3).

In addition, we observed a significant effect of age on the duration
that fish were immobile, which is defined as moving less than 0.1 cm/s
for at least 1s [one-way ANOVA, F(6, 95) =7.729, p<0.0001]. From
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observed in an open field test every three weeks from the age of 6 weeks until
30-min recording for the different ages shows that upon aging, fish spent mor

group in panels (D—G). n = 14-16 per age group. w = weeks. Significant differe
***%p < 0.0001.

Exploration-related parameters in an open field test over the lifespan of the African turquoise killifish. 30-min recordings were carried out and fish were

distance moved in the center divided by the total distance moved as a function of age. With age, fish moved a greater distance in the center zone.
Time spent in the center (D), immobility (E), and the percentage distance moved in the center (F) as a function of fish age and time (1-min time bins).
(E,G) Habituation was only observed for the 12- and 15-week-old fish, where immobility increased over time (yellow and green lines). Immobility is
defined as a velocity lower than 0.1cm/s for a duration of at least 1s. (F) The distance moved in the center divided by the total distance moved, shows
the percentage of distance moved in the center. Points represent individual fish in panels (A—C). Points indicate means of the different fish per age

the age of 24 weeks. (A) The total time spent in the center zone during a
e time in the center. (B) The total duration of immobility, and (C) the

nces are indicated with an asterisk. *p <0.05, **p <0.01, ***p <0.001,

18 weeks onward, fish spent significantly more time immobile
compared to ages 12 and 15 weeks. Tukey’s multiple comparisons test
showed a significant difference for 12-18 weeks (p=0.0005), 12-24
weeks (p=0.0002), 15-18 weeks (p<0.0001), and 15-24 weeks
(p<0.0001; Figure 3B), in which the older ages showed more
immobility. A trend between 6 and 24 weeks in increased immobility
was also observed, where the older fish are less mobile (p =0.0801). In
addition, we found that aged fish had a higher frequency of being
immobile [6-24 weeks (p=0.0376), 9-24 weeks (p=0.0452), 12-18
weeks (p=0.0003), 12-24 weeks (p<0.0001), 15-18 weeks (p <0.0001),
and 15-24 weeks (p <0.0001, Supplementary Figure 4A)]. For zone
transitions from the peripheral to the center zone, no differences were
observed with aging (Supplementary Figure 4B).

From 18 weeks onward, the fish swim shorter distances
(Figure 2A), and they spend more time in the center (Figure 3A). In
addition, we observed a longer duration that aged fish were immobile
(Figure 3B). We next wondered if the fish spent more time in the
center because they were more immobile in the center. Therefore,
we calculated the distance moved in the center divided by the total
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distance moved and here we noticed that the percentage of distance
moved in the center was also higher for aged fish. More specifically,
we observed the biggest difference between 6-18 weeks (p =0.003),
6-24 weeks (p =0.0215), 12-18 weeks (p =0.007), 15-18 weeks
(p =0.002), and 15-24 weeks (p =0.0162; One-way ANOVA, Kruskal-
Wallis test, Figure 3C). So, aged fish do not freeze more in the center,
on the contrary, percent-wise they move more in the center zone
compared to younger fish (Figure 3C; Supplementary Figure 4C).
Performing this experiment with an independent cohort of fish at ages
6 and 18 weeks, showed the same pattern of significant differences for
time spent in the center, immobility and distance moved in the center
compared to the total distance moved (Supplementary Figures 2D-F).

3.1.5 Habituation of exploration

No habituation effect over time was observed in the time spent in
the center and the percentage distance moved in the center
(Figures 3D,F, one-way repeated measures ANOVA). It seems that the
fish switch between periods of being in the center alternating with
periods in the periphery (Figure 3D). A habituation effect over the
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30-min recording was observed for immobility for the ages 12 and 15
weeks, in which the time immobile increased over the 30 min
recording within the age group (p <0.0001 for both, non-parametric
one-way repeated measures ANOVA; Friedman test; Figures 3E,G,
yellow and green lines). However, overall the 12- and 15-week-old fish
spend the least of their time immobile, are the most active, and spend
the least time in the center zone (Figures 2, 3A,B).

3.2 Novel tank diving test

3.2.1 Locomotion

A difference in total distance moved and mean velocity
(Figures 4A,B) was observed between 6-9 weeks (p=0.0084,
p=0.0080), 6-12 weeks (p=0.0294, p=0.0295), and 6-18 weeks
(p=0.0184, p=0.0182). Six-week-old fish are the most mobile [6-9
weeks (p=0.212), 6-12 weeks (p=0.0148), 6-18 weeks (p=0.0054),
and 6-24 weeks (p=0.0002); Figures 1G,H, 4C], they swim with the
highest mean velocity and move the biggest distance
(Figures 4A,B,J,K). The 24-week-old fish are the least mobile
(Supplementary Table 2). No clear aging effect was observed in the
locomotion parameters of the novel tank diving test. When analyzing
the habituation behavior over the 30 min recording, we found that
only 21-week-old fish increased the distance moved over the recording
time (Mixed-effects ANOVA, p=0.0254, Supplementary Figures 5A,G,
indigo line). All tracks of the recordings can be found in
Supplementary Figure 6.

3.2.2 Exploration-related behavior

Killifish showed a clear preference for the bottom half of the tank
atallages of their lifespan. Approximately 80% (Supplementary Table 2)
of their time was spent in the bottom half of the tank (Figures 4D,J,K).
No differences were observed between the ages in the time spent at the
top/bottom of the tank (Figures 4D,E). When examining the time
spent in the bottom 25% of the tank, no age-related differences were
observed (Figure 4F). Immobility frequency and duration also did not
alter significantly upon aging. Only a difference was detected between
6- and 18-week-old fish in the frequency of immobility, where the
aged fish were more frequently immobile (p =0.0315, one-way
ANOVA; Figures 4G,H). Latency to the upper half and frequency of
transitions to the upper half also did not differ among the age groups
(Figure 41 and not shown). All heatmaps of the recordings can
be found in Supplementary Figure 7. We next investigated the
temporal pattern of behavior by representing the data in 1 min time
bins (Supplementary Figure 5). Here we observed an effect of testing
time for the time spent in the top for ages 6, 15, and 21 weeks, where
fish increased their time spent in the upper half of the tank after
5-10min (non-parametric repeated-measures one-way ANOVA,
Friedman test, p=0.0361, p=0.0359, and p<0.0001 respectively;
Supplementary Figures 5E,H, red, green, and indigo colored lines).

3.3 Homebase behavior

A homebase is defined as a preferred area where the animals
frequently return to and spend the most time. This has been described
previously in rodents, where rats show the highest grooming and
rearing activities in their homebase (Eilam and Golani, 1989).
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Homebase behavior was investigated in zebrafish by measuring the
time spent (%), distance moved (cm), and frequency of visits after
dividing the arena into nine equal-sized zones (Stewart et al., 2010;
Figure 5). If a zone scores the highest on all three of these parameters,
it is considered a homebase (Figures 5A,B). We applied this same
strategy and found that most fish had a homebase except for six fish
in the open field test (18 weeks: n=2; 21 weeks: n=1; 2 4 weeks: n=3)
and four fish in the novel tank diving test (6 weeks: 7n=2; 18 weeks:
n=1;21 weeks: n=1; Figures 5C,D). Some fish also had a non-adjacent
homebase, meaning that they chose two zones further away from each
other as preferred zones, e.g., S4 and S6 (Figure 5E; Open field test—6
weeks: n=2; 9 weeks: n=3; 12 weeks: n=2; 15 weeks: n=4; 18 weeks:
n=2 vs. Novel tank diving test—12 weeks: n=2; 15 weeks: n=2).
These are not indicated in the summary scheme (Figures 5E,F). The
homebase in the open field test was always located near the walls, and
never in the center of the tank (note the absence of a dot in S5 in the
scheme; Figure 5E). In the open field test, combining all ages, 26% of
the fish had a 1-zone homebase, 33% had a 2-zone homebase, and 35%
had a 3-zone homebase, 6% of the fish had no homebase. When
plotting the percentages of homebase-size per age, we observe that in
the open field test, upon aging, the homebase becomes smaller
(Figure 5C). In 6-week-old fish, 56% of fish had a 3-zone homebase
and 6% a 1-zone homebase. In 24-week-old fish, 21% had a 3-zone
homebase and 43% had a 1-zone homebase. In the novel tank diving
test, when combining all ages, we observed that most fish had their
homebase in the bottom 3 zones (92%, Figure 5F). Only 4 fish
established a homebase in one of the upper three zones, and 14 fish
established a homebase in the middle three zones of the tank.
Combining all ages, 15% of the fish had a 1-zone homebase, 32% a
2-zone homebase, and 49% a 3-zone homebase, 4% had no homebase.
When plotting the percentages of homebase-size per age, no effect of
age on the size of the homebase was observed in the novel tank
diving test.

4 Discussion

In this study, we investigated killifish behavior over their adult
lifespan in an open field and novel tank diving test to set a baseline for
future behavioral experiments. The open field test and the novel tank
diving test have been widely used by zebrafish and medaka researchers
in the last decade (Egan et al., 2009; Cachat et al., 2010; Matsunaga and
Watanabe, 2010; Rosemberg et al., 2011; Godwin et al., 2012; Stewart
et al,, 2012, 2014; Liu et al., 2018; Lucon-Xiccato et al., 2020, 2022;
Audira et al., 2021). Since killifish are fast-aging, it is important to
investigate behavioral changes over their adult lifespan, as this might
influence experiments where the effect of a certain drug on behavior
over different ages is studied (Thoré et al., 2023). Previous experiments
in killifish were carried out on different strains or at different life stages
with different recording times (Genade et al., 2005; Valenzano et al.,
2006; Thoré et al., 2018, 2019, 2020, 2023; Evsiukova et al., 2021). In
the study by Evsiukova and colleagues, the ZMZ1001 strain was used
in the novel tank diving test with recordings of 5min (Evsiukova et al.,
2021). Thoré and colleagues used the novel tank diving test in the
MZCS-222 strain, with 10min recordings and a frequency of 5
recordings per week (Thoré et al., 2023). The study by Genade and
colleagues used the same strain as in our experiments (GRZ) for
conducting open field tests, and measured the fish weekly from 5 to
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9weeks of age (Genade et al, 2005). Similarly, Valenzano and
colleagues used the GRZ strain in the open field test and tested the fish
from 5 to 9weeks of age (Valenzano et al., 2006). However, in these
open field studies, the fish were recorded for 5min (Genade et al,,
2005), which is clearly different from our study in which we recorded
for 30 min. In addition, in our study, for the first time, longitudinal
measurements are performed over the entire adult killifish lifespan in
both the open field test and the novel tank diving test.

4.1 Locomotion

In the open field test, we observed that the total distance moved
and mean velocity were highest at 15 weeks of age and decreased at the
older life stages (18 and 24 weeks). This indicates that killifish are the
fittest and most active at 15 weeks. Indeed, mean mobility was also the
highest at this time point, although 6-week-old fish had a similar
mean mobility and moved similar distances. Mobility is defined as

10.3389/fnbeh.2023.1326674

movement even if the center point of the animal is not moving, i.e.,
rotation of the fish or small fin movements. These observations are not
in line with what was previously found in killifish, where a decline in
velocity and time moving was observed from 6 to 9 weeks of age
(Valenzano et al., 2006). In that study, five males and five females were
used, and males and females are known to have different behaviors
(Philpott et al., 2012; Evsiukova et al., 2021). In our study, we used 14
female fish, and each fish was housed with two other females and one
male. In the study by Valenzano, killifish were housed together in
groups of 20 fish, which might also explain the difference with our
results (Parker et al., 2012). Genade and colleagues also observed a
decrease in the time spent moving from 5 to 9 weeks of age (Genade
et al,, 2005). These observations could also be explained by the fact
that the fish are recorded every week in both the study by Valenzano
and colleagues and Genade and colleagues. This might induce inter-
session habituation. To avoid inter-session habituation effects, we only
performed our measurements every three weeks. In rodent open-field
tests, there is an inter-session habituation, where mice decrease their
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locomotion upon repeated testing (daily for four consecutive days,
every four days, eight-day intervals; Bothe et al., 2004; Kasahara et al.,
2007; Chen et al., 2023). Also in a rodent forced-swim test, it has been
described that upon testing repeatedly, the immobility time increases.
Here, they recommend an inter-test interval of more than one week
(Cnops etal., 2022). This inter-session habituation has previously been
described in medaka as well (Matsunaga and Watanabe, 2010).

A decline in locomotion is only observed in the open field test
from the age of 18 weeks onward, where a clear decrease in mean
mobility, total distance moved, and mean velocity are observed
compared to the younger ages in the open field test. This decline
in locomotion due to aging has previously been described in many
different species like zebrafish, rats, mice, and humans (Gilbert et al.,
2014). In the novel tank diving test, we did not observe this aging
effect on locomotion. Only the 6-week-old fish were significantly
different from older ages [9, 12, 18 (24 weeks only mean mobility)].
The differences in distance moved in the open field vs. the novel tank
test are striking and might be explained by different factors. It might
be due to the 3D movements in the novel tank diving test, which are
only measured in 2D. In the open-field test, the fish are limited in the
Z-axis since they only have a shallow water level (6 cm), so the open-
field test might be more accurate for quantifying locomotion
parameters. In the future, recordings in 3D will be helpful in more
accurately measuring the locomotion in the novel tank diving test
(Cachatetal., 2011). Another reason could be that the fish in the open
field test had an acclimation period of 5min before the recording
started and the fish in the novel tank test did not. Overall, less distance
was moved in the novel tank test compared to the open field test for
ages 9, 12, 15 weeks, and more for ages 6, 18, 21, and 24 weeks. This
might indicate that the 6-, 18-, 21-, and 24-week-old fish move more
in the Z-axis and less in the XY-axis. Additionally, the fish in the open
field test were transported in their home tank to the behavior room
and netted into the open field test. In the novel tank diving test, the
fish were transported in glass beakers and poured into the novel tank.
These different ways of transportation might also influence their
behavior and internal state. Future experiments will have to repeat this
experiment and compare the locomotion in the open field an novel
tank diving test to confirm the actual reason for these differences.

In addition, we only used one cohort of fish per test. Ideally, this
experiment should be repeated with multiple cohorts to confirm these
results. We therefore performed an independent experiment in the
6 and 18 weeks
(Supplementary Figure 2). Here, we already observed the same

open field test with only the ages
statistical effects (unpaired t-test), which already partially confirms

our results.

4.2 Exploration

In the open field test, we observed the same thigmotaxis behavior
as found in other fish species (Stewart et al., 2012; Ahmad and
Richardson, 2013; Lucon-Xiccato et al., 2022; Saiz et al., 2023). This
means that killifish avoid the center zone and prefer swimming close
to the edges. In rodents, goldfish and zebrafish, spending more time
in the peripheral zone is associated with increased anxiety. Using
pharmacology, this anxiety decreases and the animals will spend more
time in the center (Prut and Belzung, 2003; Schnorr et al., 2012;
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Johnson and Hamilton, 2017; Chen et al., 2023). The center zone is
more open and exposed and therefore associated with more risk for
predators. This center avoidance was constant over testing time, as
observed in zebrafish (Baiamonte et al., 2016; Lucon-Xiccato et al.,
2022). Remarkably, the thigmotaxis behavior decreased in older
killifish. From 18 weeks onward, the fish spent more time in the center
and moved a greater distance in the center. This might indicate an
increase in exploration in older fish. However, we also found an
increase in immobility/freezing duration (when fish move less than
0.1cm/s for at least 1s) in the older ages (21 and 24 weeks compared
to 12 and 15 weeks), which would indicate decreased exploration.
Freezing has been described previously in other fish species as a result
of an electric shock or placement in the novel tank diving test (Cachat
et al,, 2010; Duboué et al., 2017). When analyzing the frequency of
freezing/immobility, there was no effect of age, except for the 21- vs.
24-week-old fish, where the 21-week-old fish froze more frequently,
but for shorter times, since their total immobility time was lower.
Interestingly, similar to what Thoré and colleagues described, we also
found that the most active killifish (greatest distance moved—15-
week-old fish), spent more time in the periphery and so are more
risk-averse (Thoré et al., 2018). To know if this increased/decreased
exploration is related to anxiety, we would have to use behavioral tests
with anxiolytic compounds to ascertain the anxiety-like nature of the
thigmotaxis behavior in killifish.

Other parameters used to potentially describe anxiety are the
distance moved and the time spent moving (Lucon-Xiccato et al.,
2022). Animals with higher anxiety show lower activity and slow
habituation over time (Godwin et al., 2012; Kotrschal et al., 2014).
We did not detect a lot of habituation over time for the killifish, in
the older ages, i.e., 18, 21, and 24 weeks, no habituation was
observed in the open field test. This strengthens the assumption that
killifish do become less explorative upon aging and that the increase
in time spent in the center zone does not reflect an increased
exploration/decreased anxiety. In addition, aged fish also did not
establish a homebase in the center of the open field test. There
might be other factors at play from 15 weeks onward that could
explain why killifish are less averse to the center zone. These could
be, vision loss, but we would then expect a more gradual pattern
since a decrease in visual acuity happens gradually from 6 weeks
onward (Vanhunsel et al., 2021). Another reason could be that they
lose their lateral line function, and therefore have problems
orienting near the edges of the tank. Hair cell aging in the lateral
line has been shown already, as well as the fact that younger hair
cells have longer survival (Lukasz et al., 2022). It has already been
shown that zebrafish can regenerate their lateral line hair cells, even
in older fish (Pinto-Teixeira et al., 2015). Yet, killifish lose their
regeneration capacities upon aging in their brain, visual system, and
fin (Wendler et al., 2015; Van houcke et al., 2021; Vanhunsel et al.,
2022; Or]ing et al., 2023). Therefore, it might be that killifish have
lateral line dysfunctions upon aging as well. In addition, moving
and freezing bouts have a fluctuating pattern in our results, as was
also observed in zebrafish. This suggests that killifish, like zebrafish,
alternate between phases of lower and higher exploration in a novel
environment (Stewart et al., 2012). A decrease in anxiety has
already been observed upon aging in rats (Torras-Garcia et al.,
2005). Contradictorily, an increase in anxiety and decreased
exploration with aging has also been observed in rats (1 year) and
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zebrafish. Aged zebrafish (>18 months) spend more time on the
bottom of the novel tank diving test (Furchtgott et al., 1961;
Kacprzak et al., 2017; Lomidze et al., 2020).

In the novel tank diving test, we could not detect any clear
exploration changes upon aging. All the fish at different ages spent
around 80% of their time in the bottom half of the tank. Moreover,
when investigating the temporal pattern of behavior, we observed an
increase in the time spent in the top zone for some of the ages (6, 15,
and 21 weeks) indicating habituation to the novel tank and increasing
exploration. However, this was not observed for all the different ages.
Another study on killifish (ZMZ1001 strain) used the novel tank
diving test (5 min) and showed that aged male killifish (6 months old)
stayed closer to the bottom than younger males. For the females, no
difference was observed between the different ages in the distance
moved from the bottom or the time spent in the lower third of the
tank (Evsiukova et al., 2021). To test if killifish stay close to the
bottom because they are anxious, anxiolytic drugs could be added to
confirm this. If they would then spend more time in the top, the novel
tank diving test can be useful for investigating the effect of drugs on
anxiety over different ages of the killifish lifespan (Stewart et al.,
2015). This way, we can ensure that the observed effect is due to the
drugs and not due to changes in baseline behavior upon aging.

In addition, we found that killifish show homebase behavior.
Homebase behavior is described as a place in the test arena that is
preferred by the animal, it is a place where the animals frequently
return to and spend a longer time. This has already been described
in zebrafish and rodents (Eilam and Golani, 1989; Stewart et al.,
2010). In the open field test, killifish preferred the shorter sides of
the tank (30% of the fish) as a homebase. The homebase was always
found close to the walls in the open field test and the majority of the
time, close to the bottom in the novel tank diving test. This indicates
that fish chose a place where they feel safe as a homebase. In the
open field test, it seems that with aging, the homebase becomes
smaller (1-zone) or is lost, 73% of the 1-zone homebases in the open
field test belong to the ages 18, 21, and 24 weeks. All the fish (n=6)
without a homebase are from these ages as well. Only 20% of the
3-zone homebases belong to the ages 18, 21, and 24 weeks. In the
novel tank diving test, most fish have a 3-zone homebase at the
bottom of the tank.

10.3389/fnbeh.2023.1326674

4.3 Comparison of killifish behavior with
zebrafish and medaka

When we compare our data of the open field test with zebrafish
and medaka, we observe that killifish move a much smaller distance
in a 30-min recording [Figure 6A—Data zebrafish and medaka reused
from Lucon-Xiccato et al., 2022]. They move approximately 25% of
the distance of zebrafish and 50% of the distance of medaka. For
zebrafish, a habituation effect is observed over time, where they
decrease locomotion and exploration within a 30-min recording. In
contrast, this effect is not observed for medaka. For killifish, we only
observed a habituation effect for ages 12 and 15 weeks, where a
decrease in distance moved was observed over the 30-min recording.
For the other ages, no habituation was observed in the distance moved
similar to medaka. Apart from the initial habituation in medaka (first
5min), the time that young killifish spent in the periphery is similar
to medaka. Old killifish showed a similar pattern to zebrafish after the
initial 5min [Figure 6B—Data zebrafish and medaka reused from
Lucon-Xiccato et al., 2022]. While zebrafish and medaka initially (first
10 min) spend more time exploring the center zone and afterward stay
close to the edges of the open field arena [Figure 6B—Data zebrafish
and medaka reproduced from Lucon-Xiccato et al., 2022], killifish
preferred to stay at the edges in the beginning and only later on started
exploring the center. This is mostly the case in older killifish (18 weeks
and older). Young killifish tended to stay close to the edges over the
total recording. In the novel tank diving test, we observed that killifish
preferred spending most of their time (approximately 80%) in the
bottom half of the tank. This makes killifish very different from both
zebrafish and medaka. Medaka spend most of their time in the top
half of the tank and only spend around 20% of their time in the
bottom half of the tank. Zebrafish spend around 50% of their time in
the bottom of the tank (Figure 6C). In future experiments, longer
recordings of up to 4h could be performed to detect if killifish show
slow habituation, as was observed for some medaka studies (Lucon-
Xiccato et al., 2022).

Comparing data between teleost species needs to be done
carefully, because there are small differences in the setups. Stewart and
colleagues showed that the size of the open field test arena influences
the scale of locomotion behavior but not the temporal behavior
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Comparison in total distance moved in the open field test (A), time spent in the periphery in the open field test (B), and time spent in the bottom half of
the novel tank diving test between young (6 weeks, red) and old (18 weeks, blue) killifish and zebrafish (dark gray) and medaka (light gray). Killifish move
a much smaller distance than zebrafish and medaka (A) and initially spend more time in the periphery than zebrafish and medaka (B). (C) Comparison
of time spent in the bottom half of the novel tank diving test with zebrafish and medaka, shows that killifish spent most of their time in the bottom half
of the tank, which is much more than medaka and zebrafish [zebrafish and medaka data reused from Lucon-Xiccato et al. (2022)—Creative
Commons—http://creativecommons.org/licenses/by/4.0/].
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pattern in zebrafish (Stewart et al., 2012). Since the size of our open
field arena (32 x 17cm) is smaller than the one of Luccon-Xiccato and
colleagues (40 x 40 cm), this might be an explanation for why killifish
swim much less. However, after analysis of in-house data in bigger
tanks (49 x 19cm), we did not find a correlation between bigger tanks
and higher locomotion for the killifish (data not shown). This is
important for other behavioral experiments such as learning and
memory tests where fish have to reach a certain area to associate a
certain cue/color/stimulus with a reward/aversive stimulus. If we use
the same tank size as in zebrafish research, it might take killifish too
long to reach a certain area and therefore to learn to associate a certain
area/cue/color/stimulus with a positive reward or negative stimulus.
Therefore, it might be better to use smaller mazes for these kinds of
experiments using killifish in the future.

In the novel tank diving test, we expected that killifish also spend
most of their time in the top of the tank, since they live in shallow,
temporary ponds like medaka. Therefore, the fact that they spent most
of their time in the bottom half of the tank might indicate anxiety, and
it might be that killifish have slow habituation, therefore not increasing
the time in the top zone over the 30-min recording. It has been shown
in several aquatic species that they dive to the bottom to avoid risk
(Doran et al,, 2022). Evsiukova and colleagues also observed that
killifish spent around 80% of their time in the bottom third of the tank
(Evsiukova et al., 2021). Thoré and colleagues observed that adult
killifish (MZCS-222 strain) spent more time in the lower 25% of the
novel tank test than juvenile killifish. However, they observed that the
adult killifish spent approximately 33% of their time in the bottom
25% of the tank (Thoré et al., 2023). This could be an effect of the
testing time (10 vs. 30min) or the different strain (MZCS-222 vs.
GRZ-AD). Another reason for a decrease in the time spent in the
bottom could be the habituation of the fish in the study of Thoré and
colleagues since the fish were tested five times a week for ten weeks
(Thoré et al., 2023).

Overall, killifish showed clear thigmotaxis behavior in the open
field test from the age of 6 weeks to the age of 15 weeks. Aged fish (18
weeks and older) still spent more than 50% of the time near the edges
of the tank. Future experiments using anxiolytic drugs should
be performed to confirm that spending time in the center really
indicates a decrease in anxiety. Unexpectedly, in the novel tank test,
there was not much exploration of the upper part of the tank. It also
seems that killifish show no or slow habituation in these kinds of tests.
Therefore, we should examine longer testing times to uncover if there
would be habituation. In the novel tank diving test, anxiolytic drugs
should be applied to track if killifish explore the top half of the tank
due to decreased anxiety. In addition, since killifish move much
smaller distances than zebrafish an medaka, smaller mazes should
be used in killifish behavioral tests. To further characterize killifish
behavior and anxiety, more behavioral tests should be explored over
the adult lifespan, like for example the light/dark test and the active
avoidance test. Future studies should also make use of 3D
measurements of killifish behavior to fully understand their
spatial behavior.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Frontiers in Behavioral Neuroscience

12

10.3389/fnbeh.2023.1326674

Ethics statement

All experiments were approved by the KU Leuven ethical
commiittee in accordance with the European Communities Council
Directive of 22 September 2010 (2010/63/EU) and the Belgian
legislation (KB of 29 May 2013).

Author contributions

VM: Conceptualization, Data curation, Formal analysis,
Methodology, Visualization, Writing — original draft, Writing - review
& editing. IP: Data curation, Writing - review & editing, Formal
analysis. CZ: Writing - review & editing. JVH: Writing - review &
editing. LA: Conceptualization, Funding acquisition, Supervision,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by Fonds voor Wetenschappelijk Onderzoek Vlaanderen
(FWO Flanders) research grant number G0C9922N and KU Leuven
Research Council grant (C3/21/012). Killifish housing was supported
by a KU Leuven equipment grant (KA-16-00745).

Acknowledgments

The authors would like to thank their animal caretakers, Simon Buys
and Arnold Van den Eynde for their daily care of the fish. We are grateful
to Romain Hollands for his help with the behavioral setup and analysis.
We thank Sofie Meykens for her initial contribution in the behavior
experiments. Figures 1A and 1E were created with Biorender.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material
The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnbeh.2023.1326674/

full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1326674
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://www.biorender.com
https://www.frontiersin.org/articles/10.3389/fnbeh.2023.1326674/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2023.1326674/full#supplementary-material

Marién et al.

References

Ahmad, F, and Richardson, M. K. (2013). Exploratory behaviour in the open field test
adapted for larval zebrafish: impact of environmental complexity. Behav. Processes 92,
88-98. doi: 10.1016/j.beproc.2012.10.014

Audira, G,, Siregar, P,, Chen, K. H.-C,, Roldan, M. J. M., Huang, J.-C., Lai, H.-T,, et al.
(2021). Interspecies behavioral variability of Medaka fish assessed by comparative
Phenomics. Int. J. Mol. Sci. 22:5686. doi: 10.3390/ijms22115686

Baiamonte, M., Parker, M. O., Vinson, G. P,, and Brennan, C. H. (2016). Sustained
effects of developmental exposure to ethanol on zebrafish anxiety-like behaviour. PloS
One 11:€0148425. doi: 10.1371/journal.pone.0148425

Bencan, Z., Sledge, D., and Levin, E. D. (2009). Buspirone, chlordiazepoxide and
diazepam effects in a zebrafish model of anxiety. Pharmacol. Biochem. Behav. 94, 75-80.
doi: 10.1016/j.pbb.2009.07.009

Blaser, R. E., and Rosemberg, D. B. (2012). Measures of anxiety in zebrafish (Danio
rerio): dissociation of black/white preference and novel tank test. PloS One 7:€36931. doi:
10.1371/journal.pone.0036931

Bothe, G. W. M., Bolivar, V. ], Vedder, M. ]., and Geistfeld, J. G. (2004). Genetic and
behavioral differences among five inbred mouse strains commonly used in the
production of transgenic and knockout mice. Genes Brain Behav. 3, 149-157. doi:
10.1111/j.1601-183x.2004.00064.x

Cachat, ]., Stewart, A. M., Grossman, L., Gaikwad, S., Kadri, F,, Chung, K. M., et al.
(2010). Measuring behavioral and endocrine responses to novelty stress in adult
zebrafish. Nat. Protoc. 5, 1786-1799. doi: 10.1038/nprot.2010.140

Cachat, ], Stewart, A. M., Utterback, E., Hart, P.,, Gaikwad, S., Wong, K., et al. (2011).
Three-dimensional Neurophenotyping of adult zebrafish behavior. PloS One 6:¢17597.
doi: 10.1371/journal.pone.0017597

Cellerino, A., Valenzano, D. R., and Reichard, M. (2016). From the bush to the bench:
the annual Nothobranchius fishes as a new model system in biology. Biol. Rev. 91,
511-533. doi: 10.1111/BRV.12183

Chen, W, Wang, Z., Ma, C., Ma, X., Meng, W,, Yin, E, et al. (2023). Tactile cues are
important to environmental novelty during repeated open field tests. Behav. Processes
204:104796. doi: 10.1016/j.beproc.2022.104796

Cnops, V., Iyer, V. R,, Parathy, N., Wong, P, and Dawe, G. S. (2022). Test, rinse, repeat:
a review of carryover effects in rodent behavioral assays. Neurosci. Biobehav. Rev.
135:104560. doi: 10.1016/j.neubiorev.2022.104560

DePasquale, C., Franklin, K., Jia, Z., Jhaveri, K., and Buderman, E E. (2022). The
effects of exploratory behavior on physical activity in a common animal model of human
disease, zebrafish (Danio rerio). Front. Behav. Neurosci. 16:1020837. doi: 10.3389/
FNBEH.2022.1020837/BIBTEX

Doran, C., Bierbach, D., Lukas, J., Klamser, P., Landgraf, T., Klenz, H., et al. (2022).
Fish waves as emergent collective antipredator behavior. Curr. Biol. 32, 708-714. doi:
10.1016/j.cub.2021.11.068

Duboué, E. R, Hong, E., Eldred, K. C., and Halpern, M. E. (2017). Left Habenular
activity attenuates fear responses in larval zebrafish. Curr. Biol. 27, 2154-2162.e3. doi:
10.1016/j.cub.2017.06.017

Egan, R. J., Bergner, C. L., Hart, P. C,, Cachat, J. M., Canavello, P. R,, Elegante, M. E,
et al. (2009). Understanding behavioral and physiological phenotypes of stress and
anxiety in zebrafish. Behav. Brain Res. 205, 38-44. doi: 10.1016/].BBR.2009.06.022

Eilam, D., and Golani, I. (1989). Home base behavior of rats (Rattus norvegicus)
exploring a novel environment. Behav. Brain Res. 34, 199-211. doi: 10.1016/
S0166-4328(89)80102-0

Evsiukova, V. S., Kulikova, E. A., and Kulikov, A. V. (2021). Age-related alterations in
the behavior and serotonin-related gene mRNA levels in the brain of males and females
of short-lived turquoise killifish (Nothobranchius furzeri). Biomol. Ther. 11:1421. doi:
10.3390/BIOM11101421

Furchtgott, E., Wechkin, S., and Dees, J. W. (1961). Open-field exploration as a
function of age. . Comp. Physiol. Psychol. 54, 386-388. doi: 10.1037/h0044087

Genade, T., Benedetti, M., Terzibasi, E., Roncaglia, P,, Valenzano, D. R., Cattaneo, A.,
et al. (2005). Annual fishes of the genus Nothobranchius as a model system for aging
research. Aging Cell 4, 223-233. doi: 10.1111/].1474-9726.2005.00165.X

Gilbert, M. J. H., Zerulla, T. C., and Tierney, K. B. (2014). Zebrafish (Danio rerio) as a
model for the study of aging and exercise: physical ability and trainability decrease with
age. Exp. Gerontol. 50, 106-113. doi: 10.1016/j.exger.2013.11.013

Godwin, J., Sawyer, S., Perrin, E, Oxendine, S. E., and Kezios, Z. D. (2012). Adapting
the open field test to assess anxiety-related behavior in zebrafish. Zebrafish Protoc
Neurobehav Res. 66, 181-189. doi: 10.1007/978-1-61779-597-8_13

Hall, C. S. (1936). Emotional behavior in the rat. III. The relationship between
emotionality and ambulatory activity. J. Comp. Psychol. 22, 345-352. doi: 10.1037/
HO0059253

Johnson, A., and Hamilton, T. J. (2017). Modafinil decreases anxiety-like behaviour
in zebrafish. Peer ] 5:€2994. doi: 10.7717/peer;j.2994

Kacprzak, V., Patel, N. A,, Riley, E., Yu, L., Yeh, J. R. ]., and Zhdanova, I. V. (2017).
Dopaminergic control of anxiety in young and aged zebrafish. Pharmacol. Biochem.
Behav. 157, 1-8. doi: 10.1016/].PBB.2017.01.005

Frontiers in Behavioral Neuroscience

13

10.3389/fnbeh.2023.1326674

Kasahara, M., Groenink, L., Breuer, M., Olivier, B., and Sarnyai, Z. (2007). Altered
behavioural adaptation in mice with neural corticotrophin-releasing factor
overexpression. Genes Brain Behav. 6, 598-607. doi: 10.1111/j.1601-183X.2006.00286.x

Kotrschal, A., Lievens, E. J. P, Dahlbom, J., Bundsen, A., Semenova, S., Sundvik, M.,
et al. (2014). Artificial selection on relative BRAIN size reveals a positive GENETIC
correlation between BRAIN size and proactive personality in the guppy. Evolution 68,
1139-1149. doi: 10.1111/evo0.12341

Liu, C. X,, Li, C. Y,, Hu, C. C,, Wang, Y, Lin, ], Jiang, Y. H., et al. (2018). CRISPR/
Cas9-induced shank3b mutant zebrafish display autism-like behaviors. Mol. Autism. 9,
1-13. doi: 10.1186/S13229-018-0204-X/FIGURES/7

Lomidze, N., Zhvania, M. G., Tizabi, Y., Japaridze, N., Pochkhidze, N., Rzayev, E, et al.
(2020). Age-related behavioral and ultrastructural changes in the rat amygdala. Dev.
Neurobiol. 80, 433-442. doi: 10.1002/DNEU.22788

Lucon-Xiccato, T., Bertolucci, C., Conti, E, Loosli, E, and Foulkes, N. S. (2020).
Development of open-field behaviour in the Medaka, Oryzias latipes. Biology 9:389. doi:
10.3390/BIOLOGY9110389

Lucon-Xiccato, T., Loosli, E, Conti, E, Foulkes, N. S., and Bertolucci, C. (2022).
Comparison of anxiety-like and social behaviour in medaka and zebrafish. Sci. Rep.
12:10926. doi: 10.1038/s41598-022-14978-1

Lukasz, D., Beirl, A., and Kindt, K. (2022). Chronic neurotransmission increases the
susceptibility of lateral-line hair cells to ototoxic insults. Elife 11:€77775. doi: 10.7554/
eLife.77775

Matsunaga, W., and Watanabe, E. (2010). Habituation of medaka (Oryzias latipes)
demonstrated by open-field testing. Behav. Processes 85, 142-150. doi: 10.1016/].
BEPROC.2010.06.019

Orling, J., Kosonen, K., Villman, J., Reichard, M., and Paatero, I. (2023). Impaired fin
regeneration and angiogenesis in aged zebrafish and turquoise killifish. Biol Open 12:bio
059622. doi: 10.1242/bi0.059622

Parker, M. O., Millington, M. E., Combe, F. ], and Brennan, C. H. (2012). Housing
conditions differentially affect physiological and Behavioural stress responses of
zebrafish, as well as the response to anxiolytics. PloS One 7:¢34992. doi: 10.1371/journal.
pone.0034992

Philpott, C., Donack, C. J., Cousin, M. A., and Pierret, C. (2012). Reducing the noise
in behavioral assays: sex and age in adult zebrafish locomotion. Zebrafish 9, 191-194.
doi: 10.1089/2¢b.2012.0764

Pinto-Teixeira, F, Viader-Llargués, O., Torres-Mejia, E., Turan, M,
Gonzalez-Gualda, E., Pola-Morell, L., et al. (2015). Inexhaustible hair-cell regeneration
in young and aged zebrafish. Biol Open 4, 903-909. doi: 10.1242/bi0.012112

Platzer, M., and Englert, C. (2016). Nothobranchius furzeri: a model for aging research
and more. Trends Genet. 32, 543-552. doi: 10.1016/].T1G.2016.06.006

Prut, L., and Belzung, C. (2003). The open field as a paradigm to measure the effects
of drugs on anxiety-like behaviors: a review. Eur. J. Pharmacol. 463, 3-33. doi: 10.1016/
S0014-2999(03)01272-X

Rosemberg, D. B., Rico, E. P, Mussulini, B. H. M., Piato, AL, Calcagnotto, M. E.,
Bonan, C. D, et al. (2011). Differences in Spatio-temporal behavior of zebrafish in the
open tank paradigm after a short-period confinement into dark and bright
environments. PloS One 6:€19397. doi: 10.1371/JOURNAL.PONE.0019397

Saiz, N., Herrera-Castillo, L., de Pedro, N., Delgado, M. J., Arvidsson, S. D.,
Marugal-Lépez, M. A., et al. (2023). Assessing Chronodisruption distress in goldfish:
the importance of multimodal approaches. Animals 13:2481. doi: 10.3390/
anil3152481

Schnorr, S. J., Steenbergen, P. J., Richardson, M. K., and Champagne, D. L. (2012).
Measuring thigmotaxis in larval zebrafish. Behav. Brain Res. 228, 367-374. doi: 10.1016/j.
bbr.2011.12.016

Stewart, A. M., Braubach, O., Spitsbergen, J., Gerlai, R., and Kalueff, A. V. (2014).
Zebrafish models for translational neuroscience research: from tank to bedside. Trends
Neurosci. 37, 264-278. doi: 10.1016/].TINS.2014.02.011

Stewart, A. M., Cachat, J., Wong, K., Gaikwad, S., Gilder, T., DiLeo, J., et al. (2010).
Homebase behavior of zebrafish in novelty-based paradigms. Behav. Processes 85,
198-203. doi: 10.1016/j.beproc.2010.07.009

Stewart, A. M., Gaikwad, S., Kyzar, E., and Kalueff, A. V. (2012). Understanding spatio-
temporal strategies of adult zebrafish exploration in the open field test. Brain Res. 1451,
44-52. doi: 10.1016/j.brainres.2012.02.064

Stewart, A. M., Gerlai, R., and Kalueff, A. V. (2015). Developing highER-throughput
zebrafish screens for in-vivo CNS drug discovery. Front. Behav. Neurosci. 9:14. doi:
10.3389/fnbeh.2015.00014

Terzibasi, E., Valenzano, D. R., Benedetti, M., Roncaglia, P,, Cattaneo, A., Domenici, L.,
et al. (2008). Large differences in aging phenotype between strains of the short-lived
annual fish Nothobranchius furzeri. PloS One 3:e3866. doi: 10.1371/JOURNAL.
PONE.0003866

Terzibasi, E., Valenzano, D. R., and Cellerino, A. (2007). The short-lived fish
Nothobranchius furzeri as a new model system for aging studies. Exp. Gerontol. 42,
81-89. doi: 10.1016/J.EXGER.2006.06.039

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1326674
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.beproc.2012.10.014
https://doi.org/10.3390/ijms22115686
https://doi.org/10.1371/journal.pone.0148425
https://doi.org/10.1016/j.pbb.2009.07.009
https://doi.org/10.1371/journal.pone.0036931
https://doi.org/10.1111/j.1601-183x.2004.00064.x
https://doi.org/10.1038/nprot.2010.140
https://doi.org/10.1371/journal.pone.0017597
https://doi.org/10.1111/BRV.12183
https://doi.org/10.1016/j.beproc.2022.104796
https://doi.org/10.1016/j.neubiorev.2022.104560
https://doi.org/10.3389/FNBEH.2022.1020837/BIBTEX
https://doi.org/10.3389/FNBEH.2022.1020837/BIBTEX
https://doi.org/10.1016/j.cub.2021.11.068
https://doi.org/10.1016/j.cub.2017.06.017
https://doi.org/10.1016/J.BBR.2009.06.022
https://doi.org/10.1016/S0166-4328(89)80102-0
https://doi.org/10.1016/S0166-4328(89)80102-0
https://doi.org/10.3390/BIOM11101421
https://doi.org/10.1037/h0044087
https://doi.org/10.1111/J.1474-9726.2005.00165.X
https://doi.org/10.1016/j.exger.2013.11.013
https://doi.org/10.1007/978-1-61779-597-8_13
https://doi.org/10.1037/H0059253
https://doi.org/10.1037/H0059253
https://doi.org/10.7717/peerj.2994
https://doi.org/10.1016/J.PBB.2017.01.005
https://doi.org/10.1111/j.1601-183X.2006.00286.x
https://doi.org/10.1111/evo.12341
https://doi.org/10.1186/S13229-018-0204-X/FIGURES/7
https://doi.org/10.1002/DNEU.22788
https://doi.org/10.3390/BIOLOGY9110389
https://doi.org/10.1038/s41598-022-14978-1
https://doi.org/10.7554/eLife.77775
https://doi.org/10.7554/eLife.77775
https://doi.org/10.1016/J.BEPROC.2010.06.019
https://doi.org/10.1016/J.BEPROC.2010.06.019
https://doi.org/10.1242/bio.059622
https://doi.org/10.1371/journal.pone.0034992
https://doi.org/10.1371/journal.pone.0034992
https://doi.org/10.1089/zeb.2012.0764
https://doi.org/10.1242/bio.012112
https://doi.org/10.1016/J.TIG.2016.06.006
https://doi.org/10.1016/S0014-2999(03)01272-X
https://doi.org/10.1016/S0014-2999(03)01272-X
https://doi.org/10.1371/JOURNAL.PONE.0019397
https://doi.org/10.3390/ani13152481
https://doi.org/10.3390/ani13152481
https://doi.org/10.1016/j.bbr.2011.12.016
https://doi.org/10.1016/j.bbr.2011.12.016
https://doi.org/10.1016/J.TINS.2014.02.011
https://doi.org/10.1016/j.beproc.2010.07.009
https://doi.org/10.1016/j.brainres.2012.02.064
https://doi.org/10.3389/fnbeh.2015.00014
https://doi.org/10.1371/JOURNAL.PONE.0003866
https://doi.org/10.1371/JOURNAL.PONE.0003866
https://doi.org/10.1016/J.EXGER.2006.06.039

Marién et al.

Thoré, E., Brendonck, L., and Pinceel, T. (2020). Conspecific density and
environmental complexity impact behaviour of turquoise killifish (Nothobranchius
furzeri). ]. Fish Biol. 97, 1448-1461. doi: 10.1111/jfb.14512

Thoré, E., Steenaerts, L., Philippe, C., Grégoir, A., Brendonck, L., and Pinceel, T.
(2018). Individual behavioral variation reflects personality divergence in the upcoming
model organism Nothobranchius furzeri. Ecol. Evol. 8, 8448-8457. doi: 10.1002/
ece3.4356

Thoré, E., Steenaerts, L., Philippe, C., Grégoir, A. E, Brendonck, L., and Pinceel, T.
(2019). Improving the reliability and ecological validity of pharmaceutical risk
assessment: turquoise Killifish (Nothobranchius furzeri) as a model in behavioral
ecotoxicology. Environ. Toxicol. Chem. 38, 262-270. doi: 10.1002/etc.4301

Thoré, E., Vanden Berghen, B., Brendonck, L., and Pinceel, T. (2023). Long-term
exposure to a pharmaceutical pollutant affects geotaxic behaviour in the adult but not
juvenile life stage of Kkillifish. Sci Total Environ 876:162746. doi: 10.1016/j.
scitotenv.2023.162746

Torras-Garcia, M., Costa-Miserachs, D., Coll-Andreu, M., and Portell-Cortés, 1.
(2005). Decreased anxiety levels related to aging. Exp. Brain Res. 164, 177-184. doi:
10.1007/S00221-005-2240-Y/TABLES/2

Valenzano, D. R., Terzibasi, E., Genade, T., Cattaneo, A., Domenici, L., and
Cellerino, A. (2006). Resveratrol prolongs lifespan and retards the onset of age-related

Frontiers in Behavioral Neuroscience

14

10.3389/fnbeh.2023.1326674

markers in a short-lived vertebrate. Curr. Biol. 16, 296-300. doi: 10.1016/].
CUB.2005.12.038

Van houcke, J., Marién, V., Zandecki, C., Ayana, R., Pepermans, E., Boonen, K., et al.
(2023). A short dasatinib and quercetin treatment is sufficient to reinstate potent adult
neuroregenesis in the aged killifish. NPJ Regenerat Med 8, 31-13. doi: 10.1038/
$41536-023-00304-4

Van houcke, J., Marién, V., Zandecki, C., Vanhunsel, S., Moons, L., Ayana, R., et al.
(2021). Aging impairs the essential contributions of non-glial progenitors to neurorepair
in the dorsal telencephalon of the killifish Nothobranchius furzeri. Aging Cell 20:e13464.
doi: 10.1111/ACEL.13464

Vanhunsel, S., Bergmans, S., Beckers, A., Etienne, L., Van Bergen, T., De Groef, L., et al.
(2022). The age factor in optic nerve regeneration: intrinsic and extrinsic barriers hinder
successful recovery in the short-living killifish. Aging Cell 21:¢13537. doi: 10.1111/
ACEL.13537

Vanhunsel, S., Bergmans, S., Beckers, A., Etienne, L., Van Houcke, J., Seuntjens, E.,
et al. (2021). The killifish visual system as an in vivo model to study brain aging and
rejuvenation. NPJ Aging Mechan Dis 7:22. doi: 10.1038/s41514-021-00077-4

Wendler, S., Hartmann, N., Hoppe, B., and Englert, C. (2015). Age-dependent decline
in fin regenerative capacity in the short-lived fish Nothobranchius furzeri. Aging Cell 14,
857-866. doi: 10.1111/ACEL.12367

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1326674
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/jfb.14512
https://doi.org/10.1002/ece3.4356
https://doi.org/10.1002/ece3.4356
https://doi.org/10.1002/etc.4301
https://doi.org/10.1016/j.scitotenv.2023.162746
https://doi.org/10.1016/j.scitotenv.2023.162746
https://doi.org/10.1007/S00221-005-2240-Y/TABLES/2
https://doi.org/10.1016/J.CUB.2005.12.038
https://doi.org/10.1016/J.CUB.2005.12.038
https://doi.org/10.1038/s41536-023-00304-4
https://doi.org/10.1038/s41536-023-00304-4
https://doi.org/10.1111/ACEL.13464
https://doi.org/10.1111/ACEL.13537
https://doi.org/10.1111/ACEL.13537
https://doi.org/10.1038/s41514-021-00077-4
https://doi.org/10.1111/ACEL.12367

	Age-related alterations in the behavioral response to a novel environment in the African turquoise killifish (Nothobranchius furzeri)
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Open field test
	2.3 Novel tank diving test
	2.4 Homebase behavior
	2.5 Statistical analysis

	3 Results
	3.1 Open field test
	3.1.1 Fish size
	3.1.2 Locomotion
	3.1.3 Habituation of locomotion
	3.1.4 Exploration-related behavior
	3.1.5 Habituation of exploration
	3.2 Novel tank diving test
	3.2.1 Locomotion
	3.2.2 Exploration-related behavior
	3.3 Homebase behavior

	4 Discussion
	4.1 Locomotion
	4.2 Exploration
	4.3 Comparison of killifish behavior with zebrafish and medaka

	Data availability statement
	Ethics statement
	Author contributions

	References

