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Development of a quantitative analysis method for anxiety- and
depression-like swimming behavior of zebrafish
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(202448 1 A11R)

Abstract

Anxiety and depressive disorders, which account for a large proportion of mental disorders, cause significant
losses to the sufferers themselves as well as to their social activities. The identification of compounds that
exhibit anxiolytic and antidepressant effects may be useful in the treatment of these disorders. However,
screening for compounds with anxiolytic and antidepressant activities in animal models is challenging. This is
because screening requires the use of many individuals. Once an individual is used, the effect remains in its
memory; therefore, new individuals must always be used for screening. Recently, zebrafish have been used as
a model to analyze anxiety and depressive disorders. Zebrafish are ideal for screening because they lay approx-
imately 200 eggs at a time and hatch within 3 d. Zebrafish also responded to anxiolytic and antidepressant
drugs. In this study, we developed a method for setting thresholds for anxiety- and depression-like swimming
behaviors and found that alarm substance- and social isolation-induced stress stimuli produced different quan-
titative results. The results showed that the thresholds of bottom dwelling and freezing behavior were effective
in detecting alarm substance-induced swimming behavior, but were not effective against the stress caused by
social isolation, and that the use of the thresholds of erratic behavior was necessary. Because anxiety and

depression are multifactorial disorders, differences in the results may reflect different molecular mechanisms,

suggesting that this method is an effective tool for screening compounds.

Keywords: zebrafish, swimming behavior, video tracking, alarm substance, stress

Introduction

In 2019, one in eight people worldwide were report-

ed to have mental disorders, with anxiety and depres-
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sive disorders being the most common mental
disorders (World Health Organization 2022). Anxiety
disorders cause physical symptoms, such as panic at-
tacks and hyperventilation, whereas depression
causes physical symptoms, such as insomnia and
anorexia, as well as suicidal thoughts and suicide at-
tempts. Therefore, a key to solving these problems is
the discovery of new compounds with anxiolytic and
antidepressant activities.

Monoamine, inflammation, and neuroplasticity
hypotheses have been proposed to explain the molecu-
lar mechanisms underlying anxiety and depressive
disorders (Gold 2015). However, the underlying

mechanism remains unclear. Psychotropic drugs,
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such as antidepressants and anxiolytics, are used to
treat anxiety and depression. However, the effects of
these drugs have been observed to vary depending on
the individual and the type of disease, as well as the
side effects of the drugs, such as headaches, nausea,
insomnia, decreased libido, and dependence (Usami
2017). Similar to humans, animals, such as livestock,
exhibit anxiety, depressive disorder-like behaviors,
and physiological responses. Treatment may include
drug therapy similar to that used in humans; however,
as in humans, the above-mentioned problems can
arise (Takeuchi 2018).

Currently, several animal models are used to study
anxiety and depressive disorders (Nagai ef al. 2021).
Among these animal models, zebrafish have charac-
teristics that make them suitable for screening com-
pounds with anxiolytic and antidepressant effects,
such as the fact that they lay approximately 200 eggs
at a time and fertilized eggs hatch in 3 d. Zebrafish
has also been demonstrated to respond to anxiolytic
and antidepressant drugs (Hawkey ef al. 2021; Jaka et
al. 2021). In animal models, a large number of
animals are required to screen compounds with anxio-
lytic and antidepressant activities. Screening requires
the use of many individuals because once an individ-
ual is used, the effect remains in its memory; there-
fore, new individuals must always be used for screen-
ing.

Stress stimuli that induce anxiety- and depression-
like behaviors in zebrafish include stress (Onarheim ef
al. 2022), which is caused by the separation of one
fish from a school of fish; stress from being placed in a
new environment caused by being transported to an
unfamiliar aquarium environment; and stress that a
fish experiences when stimulated with the alarm sub-
stance collected from the scales of other zebrafish
(Egan et al. 2009). Although stimuli that induce anxi-
ety- and depression-like behaviors in zebrafish are

well established, the measurement criteria for observ-
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ing anxiety- and depression-like behaviors in zebrafish
differ from repoft to report. Specifically, the measure-
ment environment, such as the size, shape, and light-
mg intensity of the aquarium used, differs among
reports (Chia ef al. 2019; Onarheim et al 2022; Pin-
heiro et al. 2023). This variation in anxiety- and
depression-like swimming behaviors within these
measurement environments (Shishis ef al. 2022)
remains a barrier to quantitatively measuring changes
in zebrafish swimming behavior in various anxiety
and depressive disorder models in response to stress
stimuli.

In the present study, we developed a method for
setting thresholds for anxiety- and depression-like
swimming behaviors and found that different stress
stimuli produced different quantitative results. This
study provides useful information for the screening of
new compounds with anxiolytic and antidepressant

activities.

Materials and Methods

Setting up the housing environment

Male zebrafish (Tiibingen strain) aged 6-8 months
were used. This strain was kindly provided by Dr.
Nishina of the Tokyo Medical and Dental University.
Zebrafish were divided into groups of four fish each
and kept in a housing tank (6 cm x25cm x 13.5 ¢cm).
The water temperature in the housing tanks was
maintained at 26-28°C. The light cycle in the facility
was 14 h light:10 h dark, with lights turned on at 6:00
am and off at 10:00 pm. All fish were fed twice daily
with a combination of freshly hatched brine shrimp
(Japan Pet Design Co., Ltd., Tokyo, Japan) and dried
micropellets (Otohime B2, Marubeni Nissin, Feed,
Co., Ltd., Tokyo, Japan). All animals were naive and

had not been previously used in experiments.

Acquisition of the alarm substance

The alarm substance is stored in the club cells of
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zebrafish skin tissue and is released upon physical in-
jury (Chia et al. 2019). After the adult zebrafish were
euthanized in ice water and drained with paper, sever-
al fine incisions were made on both sides of the abdo-
men using a razor. The fish were then placed in 50 mL
of distilled water for 10 min to elute the alarm sub-

stance.

Recording of swimming behavior

A swimming behavior observation tank (28 cm x 15
cm X 15cm) was constructed with white walls on
three sides and the bottom and a transparent acrylic
plate on the front. This tank (observation tank) could
be divided into left and right areas by a white parti-
tion, and the swimming behaviors of two zebrafish
could be observed simultaneously. The lighting condi-
tions of the observation tank were 2400-2500 lux.
The tank was covered with a white curtain to
minimize the influence of human shadows on swim-
ming behavior. Swimming behavior was observed and
recorded from the transparent wall using a commer-
cially available web camera connected to a computer.
The recording was performed at 640 x 480 pixels at
30 fps.

Acclimation

To record the swimming behavior of one zebrafish
per arena in the observation tank, acclimation was
performed to minimize the stress caused by the trans-
fer from the housing tank to the observation tank, and
the anxiety and depression-like responses caused by
the injection procedure performed to expose the
zebrafish to the alarm substance. First, the zebrafish
were transferred from the housing tank to the obser-
vation tank using a handheld net and kept in the ob-
servation tank for 20 min. Subsequently, instead of
the alarm substance, housing water was injected from
a tube placed near the water surface, and the

zebrafish were maintained for an additional 10 min.

The zebrafish were then returned to their housing
tank. This process was continued for five consecutive
days to acclimatize the zebrafish to this series of opér-
ations. This acclimation process was performed be-
tween 10:00 and 14:00, which was the actual time of
the experiment. To evaluate the degree of acclimation
during the 5-d acclimation process, we recorded a
10-min period from the 10th to the 20th min after the
zebrafish were transferred to the observation tank and
the subsequent 10 min when the alarm substance was

to be injected.

Alarm substance stimulus

Recordings began 10 min after the zebrafish were
transferred from the housing tank to the observation
tank. T'wo sessions of 10 min of recording each (be-
fore and after injection) were conducted when the
zebrafish tank was injected with the alarm substance.
The control group tank was injected with housing

water instead of the alarm substance.

Social isolation experiment

The housing tanks were changed from one tank per
four zebrafish to one tank per zebrafish. Each
zebrafish was kept alone for 5 d, and the acclimation

process of each individual was recorded and analyzed.

Behavioral analysis

The swimming behavior of each zebrafish was
recorded and analyzed using a SMART 3.0 video im-
age behavior analyzer (Bio Research Centre Co., Ltd.,

Nagoya, Japan).

Data analysis

Estimation statistics were used for statistical ana-
lyses. Significance tests are widely used in various
fields of research; however, the use of p-values to
evaluate the results of statistical tests leads to a

dichotomous evaluation (e.g., p<0.05, OK; p>0.05,
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not OK). In contrast, estimation statistics, place more
emphasis on the effect size than on the p-value. In
other words, it is not about whether there is an effect
but how much of an effect exists. Estimation statistics
focus on the magnitude of the effect (effect size) and
its precision. It complements null hypothesis sig-
nificance testing by indicating whether an effect is
present and providing information about how large
the effect is (https://www.estimationstats.com/).
The eNeuro journal and the International Society of
Physiotherapy Journal recommended the use of esti-
mation methods instead of null hypothesis statistical
tests. Data were analyzed using ESTIMATION
STATISTICS
(Ho et al. 2019). The confidence interval was set to
0.95.

(https://www.estimationstats.com/)

Ethics
This study was approved by the Animal Experi-
ment Committee of the Meiji University (Approval

number: MUIACUC2022-01).

Results

Effect of acclimatization
To confirm the effect of acclimation, we analyzed a

10-min swimming trace using SMART 3.0, a video

Before acclimation (1 day)

Before water injection After water injection
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image behavior analyzer, before (Day 1) and after
(Day 5) acclimation (Fig. 1). One of the anxiety- and
depression-like swimming behaviors of zebrafish is
that they spend more time in the lower area of the
tank when stressed (Egan ef al. 2009). A comparison
of swimming behavior before injection (Fig. 1A and
1B) revealed that the zebrafish spent more time
swimming near the water surface after acclimation
(Day 5) than before acclimation (Day 1). This indi-
cates that acclimation reduces anxiety- and depres-
sion-like behaviors. In addition, even when housing
water was added as a control instead of the alarm sub-
stance, pre-acclimated zebrafish spent more time in
the lower area of the tank (Fig. 1A). Conversely, af-
ter acclimation, the zebrafish exhibited the same
swimming behavior as before the addition of the hous-
ing water (Fig. 1B). These results suggest that accli-
mation reduced anxiety- and depression-like swim-
ming behavior caused by the stress of moving to the
observation tank. The acclimated zebrafish were used

in the subsequent experiments.

Determination of thresholds for anxiety- and depression-
like swimming behaviors induced by alarm substance
stimulus

To establish a method to quantify anxiety- and

After acclimation (5 day)

Before water injection After water injection

Fig. 1 Representative examples of zebrafish swimming traces before and after acclimation (A) Swimming traces of zebrafish before
acclimation. The left panel shows the trace from the 10th to the 20th min after the fish were transferred from the housing tank
to the observation tank, and the right panel shows the trace for an additional 10 min after injection of housing water at the 20th
min. (B) Trace of zebrafish swimming behavior on the fifth day after acclimation. The left and right panels show the results of
the same process as in (A). The lower area of the tank is below the dashed line. The swimming traces were analyzed using

SMART 3.0 Video Image Behavior Analyzer.
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Fig. 2 Determination of swimming speed threshold for anxiety and depression using the alarm substance. (A) Normal swimming
speed distribution in zebrafish after acclimation and injection of housing water (n=16). (B) Distribution of anxiety- and depres-
sion-like swimming behaviors after the addition of the alarm substance (n=4). The white and black columns represent the
swimming speed distributions of freezing and erratic behavior, respectively. The dashed line represents the normal swimming
speed distribution, as shown in (A). (C) Integrated values of (A) and (B) at each speed. The gray lines represent the integrat-
ed values of freezing behavior induced by the alarm substance, dashed lines represent the integrated values of (A), and black
lines represent the integrated values of erratic behavior induced by the alarm substance. (D) The gray area represents the range
of anxiety- and depression-like swimming speeds set by the thresholds.

depression-like swimming behaviors in zebrafish, we
examined the distribution of swimming speeds after
acclimation. The speed distribution of acclimated
zebrafish is shown in Fig. 2A. Next, we examined
how this speed distribution changed under stimuli that
induced anxiety- and depression-like behaviors. In
this study, we used the alarm substance, which is a
stress stimulus that induces strong anxiety- and
depression-like swimming behaviors in zebrafish un-
der various experimental conditions (Speedie &
Gerlai 2008; Egan et al. 2009). The results showed
that under stimulation with the alarm substance,
zebrafish exhibited freezing and erratic behaviors, as
shown in Fig. 2B, which were not observed in the un-
stimulated condition. To compare and quantify these
two types of anxiety- and dépression-like swimming

behaviors (Fig. 2B) with normal swimming behavior

(Fig. 2A), we attempted to determine the thresholds
under these conditions. As shown in Fig. 2C, all freez-
ing behaviors derived from alarm substance stimula-
tion were within a speed of 1.2 cm/s, and 99.7% of
the freezing behaviors were derived from the alarm
substance below this speed (Fig. 2D). Therefore, 1.2
cm/s was set as the threshold for freezing behavior.
In contrast, erratic behavior tended to occur at a
higher speed than the unstimulated speed; however, a
clear difference was absent between the two (Fig. 2B
and 2C). Therefore, we set a threshold that included
as much erratic behavior as possible caused by the
alarm substance. Within the range of speeds at which
erratic behavior was observed, 8.0 cm/s was chosen
as the value at which the proportion of non-stimuli be-
havior was small, whereas the proportion of erratic

behavior was as large as possible. The results indicat-
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ed that 40.5% of the erratic behavior at speeds above
8.0 cm/s was owing to alarm substance stimulation
(Fig. 2D). Based on these results, we set anxiety- and
depression-like behaviors below 1.2 cm/s and above
8.0 cm/s as the thresholds for anxiety- and depres-

sion-like behaviors, respectively.

Changes in anxiety and depression-like swimming behav-
ior in response to different stvess stimuli

Using these thresholds, we examined how different
stress stimuli affected the freezing and erratic behav-
iors of zebrafish. The results are shown using estima-
tion statistics. As the number of samples at each time
point was eight, we performed several bootstrap
resamples from this set. The mean of the resampled
set was calculated, and the resampled mean of the
control was subtracted to obtain the “Data Distribu-
tion of Mean Difference.”

This histogram is the “mountain” in the bottom
panel of Fig. 3, and the area of this distribution that
contains 95% of the elements is shown as a black bar.
Therefore, the expression ‘“‘subtract control” is used
to illustrate the difference in means. As shown in Fig.
3B and C, the freezing and erratic behaviors were in-
creased after alarm substance stimulation (AS) com-
pared to acclimatization (Acc), indicating that the
thresholds were effective (freezing AS minus Acc,
mean difference 36.9 [95.0% CI 10.2, 67.1]; erratic
AS minus Acc, mean difference 18.9 [95.0% CI 4.5,
33.5]). Under these conditions, the time spent by
zebrafish in the lower area of the tank was also
predominantly increased by alarm substance stimula-
tion, which is another indicator of anxiety- and depres-
sion-like behavior (bottom-dwelling AS minus Acc,
mean difference 49.0 {95.0% CI 31.4, 58.8]). We
tested whether these thresholds were also effective
for another stressful stimulus, social isolation, which
causes anxiety- and depression-like behaviors in

zebrafish. Zebrafish live in schools, and social isola-
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tion is stressful for them (Daniel & Bhat 2022). For
this experiment, we used zebrafish that had been ac-
climated for 5d after isolation and measured their
swimming behavior. In contrast to the results of alarm
substance stimulation, a significant difference was ab-
sent in the bottom dwelling and freezing behaviors
(bottom dwelling isolation minus Acc, mean differ-
ence —11.0 [95.0% CI —23.9, 3.82], freezing isola-
tion minus Acc, mean difference —2.83 [95.0% CI
—6.68, —0.561]) (Fig. 3A and B); however, a clear
difference in their erratic behavior was observed be-
tween isolated and non-isolated zebrafish (erratic iso-
lation minus Acc, mean difference 56.1 [95.0% CI
29.8, 102]) (Fig. 3C).

For reference, the results of an analysis of variance
are included as Fig. 4; the estimation statistics pro-
vide more visual information. By comparing Fig. 3
with Fig. 4, we can visually obtain information that is
not shown in Fig. 4, such as the number of samples

and the degree of variation among the samples.

Discussion

In this study, we attempted to establish a method
for determining the threshold for quantifying anxiety-
and depression-like swimming behaviors in zebrafish.
The results showed that the threshold was effective
not only in detecting anxiety- and depression-like
swimming behaviors induced by alarm substance
stimuli but also by other stressful stimuli such as so-
cial isolation. Bottom-dwelling and freezing behaviors,
which were used as indices in this study, appear to be
similar to thigmotaxis and freezing in mice. Erratic
behavior may be a form of panic behavior.

Anxiety and depression are multifactorial disorders
involving multiple genetic and environmental factors.
Twin studies have suggested that genetic factors are
involved in approximately 40% of these disorders
(Smoller 2016). This may be one of the reasons why

the effects of antidepressants and anxiolytics vary de-
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Fig. 4 Data from Fig. 3 were analyzed using analysis of variance.

pending on the individual and the type of disease
(Usami 2017). Owing to this heterogeneity, screening
for new compounds with anxiolytic and antidepres-
sant effects also requires measuring their effects on a
variety of anxiety- and depression-like swimming be-
haviors. However, the effects of a compound are de-

termined using one type of anxiety or depression-like

swimming behavior, in response to one type of stress
stimulus (Hawkey et al. 2021, Jaka ef al. 2021). The
present experiment also showed that measurement of
bottom dwelling and freezing behavior is not an effec-
tive measure of stress caused by social isolation, and
that measurement of erratic behavior is also necessa-

ry. Therefore, screening for compounds that are effec-
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tive for erratic behavior is necessary. The thresholds
we established in the present study will help us deter-
mine which changes in swimming behavior can be
measured in response to individual stresses when
screening compounds. It is useful for each 1aborétory
to first determine the thresholds using the method
described in this study to screen the compounds.

In conclusion, the development of a method to de-
termine thresholds as objective indicators of anxiety-
and depression-like swimming behavior in zebrafish
will be useful for screening new compounds with

anxiolytic and antidepressant effects.

Acknowledgment

This work was supported in part by a Grant-in-Aid
(C) for Scientific Research from the Japan Society for
the Promotion of Science (grant number 22K06049).
We also thank Dr. Suzita Mohd Noor of Malaya

University for the technical support.

References

Chia JSM, Wall ES, Wee CL, Rowland TA], Cheng RK, Cheow
K, Guillemin K, Jesuthasan S. (2019), Bacteria evoke alarm
behaviour in zebrafish. Nat Commun, 10:3831.

Daniel DK, Bhat A. (2022), Sex and population drive interin-
dividual variations in a cognitive task across three populations
of wild zebrafish Front Psychol, 13: 786486.

Egan R]J, Bergner CL, Hart PC, Cachat JM, Canavello PR,
Elegante MF, Elkhayat SI, Bartels BK, Tien AK, Tien DH,
Mohnot S, Beeson E, Glasgow E, Amri H, Zukowska Z,
Kalueff AV. (2009), Understanding behavioral and physiolog-
ical phenotypes of stress and anxiety in zebrafish. Behav
Brain Res, 205(1): 38-44.

Gold P. (2015), The organization of the stress system and its

FT73E -5 35 (2024)

dysregulation in depressive illness. Mol Psychiatry, 20: 32—
47.

Hawkey AB, Hoeng J, Peitsch MC, Levin ED, Koshibu K.
(2021), Subchronic effects of plant alkaloids on anxiety-like
behavior in zebrafish. Pharmacol Biochem Behav. 207:
173223.

Ho J, Tumkaya T, Aryal S, Choi H, Claridge-Chang A. (2019),
Moving beyond P values: data analysis with estimation graph-
ics. Nat Methods, 16(7): 565-566.

Jaka O, Iturria I, van der Toorn M, Hurtado de Mendoza ],
Latino DARS, Alzualde A, Peitsch MC, Hoeng J, Koshibu K.
(2021, Effects of natural monoamine oxidase inhibitors on
anxiety-like behavior in zebrafish. Front Pharmacol, 12:
669370.

Nagai J, Yu X, Papouin T, Cheong E, Freeman MR, Monk KR,
Hastings MH, Haydon PG, Rowitch D, Shaham S, Khakh BS.
(2021), Behaviorally consequential astrocytic regulation of
neural circuits. Neuron, 109(4): 576-596

Onarheim T, Janczak AM, Nordgreen J. (2022), The effects of
social vs. individual housing of zebrafish on whole-body cor-
tisol and behavior in two tests of anxiety. Front Vet Sci, 9:
859848.

Pinheiro J, Pinheiro E, de Deus GR, Saito G, Luz WL, Assad N,
da Cunha Palheta MR, de Jesus Oliveira Batista E, Morais S,
Passos A, Oliveira KRHM, Herculano AM. (2023), Brain ox-
idative stress mediates anxiety-like behavior induced by in-
domethacin in zebrafish: protective effect of alpha-tocopherol.
Naunyn Schmiedebergs Arch Pharmacol, In press

Shishis S, Tsang B, Gerlai R. (2022), The effect of fish density
and tank size on the behavior of adult zebrafish: A systematic
analysis. Front Behav Neurosci, 16: 934809.

Smoller JW. (2016), The genetics of stress-related disorders:
PTSD, depression, and anxiety disorders. Neuropsychophar-
macology, 41(1): 297-319.

Speedie N, Gerlai R. (2008), Alarm substance induced behav-
ioral responses in zebrafish (Danio rerio). Behav Brain Res,
188(1): 168-177

Takeuchi T. (2018), B ORLRER & EYEFIZ>WT, B
KBS, topics 77.

Usami M. (2017), REFFIEHEH I61F 2 EWREOEE
2, REGFRMES L X OEEHER, 50: 146-156.

World Health Organization (2022), Mental disorders, https://
www.who.int/news-room/fact-sheets/detail/mental-disorders.



Quantification of zebrafish swimming behavior

YT 57 4 vy 2 DR, > ORREKITEDE BN DOBR
VIE BN #E PN L
E K

BHEBOFTLAEIREER LD LTREEER S ORI, BERAALT TRIGLERHICL A= BESY
blcbd, PARIEARTHD DIFAEZRTLEWORERL, ThoDRBEDERRICERATHS:E2LNS,
BT NVERWHAR - SO OfFER T AILEMOARI V-2V T IZRETH 5, 8RS, A7V —
VT CRELOEGEFERTALESHY, —EFERALBERZBERICESD, BCHLWEEEZ RS
V=V ZIER L@ G0 b Th b, i, ¥ 7577 4 vy a BT REECWD DEEDOHENTE
FWELTRWONTWS, ¥ 757 ¢ vV aid—EICH200@OIR%EA, 3 A THILTSDTAZY—Z
VKRB TCH B, Fie, ¥T 57 4 vV aBIREERHD DEICO LT S, ARE T, TEELUW
S OREKITEIOBEZRE T 2 HELHEL, BEVHE LHESHRENBSEL S EEB/ERY 3652
ERRHE L7, ThbbBEEYHEIC XA BEKTHOBRBICT, EETH LR DXTEHOMESEMN TH - /2
B, HEREEC LA APV AIH L TIEDH TR, THRATEHOMEZ HWANLERD S LB -
72e REEMI DI ERFEETH L5720, BFROBVEELSIDTFANALEREL TS AJREES D
Bo COHEBMEEHDAT V)~V T IAER Y =V Th AT EHRBEI N

1 WG AEREE SRR SR HET RS
(F7214-8571 Il £ BEX =M 1-1-1 5-407)

2 BV aRERV-VTRY 2 7V — - FTERMERBET
(=Vv—v7, 5 vIT—=)VM/SVF =Y 2 4, Jalan Lagoon
Selatan)

3 BB REN S WA
(T214-8571 Il HEXEFE=H 1-1-1 5-407)


http://www.tcpdf.org

