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Behavioral  effects  of fluoxetine  on  medaka  were  evaluated  using  five  paradigms.
Chronic  fluoxetine  treatment  induced  anxiolytic  responses.
Chronic  fluoxetine  treatment  altered  socially-evoked  behaviors.
Chronic  fluoxetine  treatment  reduced  horizontal  but  not  vertical  locomotor  activity.
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a  b  s  t  r  a  c  t

Medaka  (Oryzias  latipes)  is  a small  freshwater  teleost  that  is an  emerging  model  system  for  neurobehav-
ioral  research  and  toxicological  testing.  The selective  serotonin  reuptake  inhibitor  class  of  antidepressants
such  as  fluoxetine  is one  of  the  widely  prescribed  drugs,  but little  is known  about  the  effects  of  these
drugs  on  medaka  behaviors.  To  assess  the behavioral  effects  of  fluoxetine,  we chronically  administrated
fluoxetine  to medaka  adult  fish and  analyzed  the  anxiety-related  and  social  behaviors  using  five behav-
ioral  paradigms  (diving,  open-field,  light–dark  transition,  mirror-biting,  and  social  interaction)  with
an  automated  behavioral  testing  system.  Fish  chronically  treated  with  fluoxetine  exhibited  anxiolytic
responses  such  as  an  overall  increased  time  spent  in  the  top area  in  the  diving  test  and  an  increased
time  spent  in  center  area  in the  open-field  test.  Analysis  of  socially  evoked  behavior  showed  that  chronic
fluoxetine  administration  decreased  the number  of  mirror  biting  times  in  the mirror-biting  test  and
ocial behavior
ehavioral paradigms
ocomotor activity

increased  latency  to first  contact  in  the  social  interaction  test.  Additionally,  chronic  fluoxetine  adminis-
tration  reduced  the horizontal  locomotor  activity  in the  open-field  test  but  not the  vertical  activity  in  the
diving  test.  These  investigations  are  mostly  consistent  with  previous  reports  in  the other  teleost  species
and  rodent  models.  These  results  indicate  that  behavioral  assessment  in  medaka  adult  fish  will  become

ects  o
useful  for  screening  of  eff

. Introduction

Medaka, Oryzias latipes, is a small freshwater teleost fish that
riginally inhabited East Asia and has been used as a verte-
rate model in physiology, embryology, and genetics for the past
00 years [1]. Its biological advantages as a model system are

ostly similar to those of zebrafish (Danio rerio): short generation

ime (2–3 months), transparency of embryos, and availability of
enomic information [2,3]. There are several additional advantages

∗ Corresponding author. Fax: +81 75 753 6400.
∗∗ Corresponding author.

E-mail addresses: ansai@kais.kyoto-u.ac.jp (S. Ansai), hosokawa@i.kyoto-u.ac.jp
H. Hosokawa).

ttp://dx.doi.org/10.1016/j.bbr.2016.01.050
166-4328/© 2016 Elsevier B.V. All rights reserved.
f pharmaceutical  and toxicological  compounds  in animal  behaviors.
©  2016  Elsevier  B.V.  All  rights  reserved.

in medaka over zebrafish such as smaller genome size (800 Mb),
availability of highly polymorphic inbred strains, and viability
over a wide temperature range (6–40 ◦C) [3]. These features con-
tribute to the wide use of medaka as an aquatic (eco) toxicological
model [4]. More recently, it has become clear that medaka exhibits
complex social and/or visually-evoked behaviors, such as shoal-
ing/schooling [5–7], aggressive behaviors [8], mating preference
[9,10], mate-guarding behaviors [11], social learning [12], mirror
approaching [13], predation [14], and startle response [15]. These
behavioral features serve as an emerging model system for neuro-
behavioral research.
The selective serotonin reuptake inhibitor (SSRI) class of anti-
depressant such as fluoxetine is one of the most widely prescribed
groups of pharmaceuticals, which block serotonin reuptake into
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he presynaptic cells by serotonin transporter and therefore effec-
ively increases the extracellular serotonin levels in the synaptic
lefts [16]. Various studies have demonstrated the presence of these
harmaceuticals in environmental waters and their diverse effects
n aquatic organisms [17,18]. Previous reports using medaka have
nvestigated the effects of fluoxetine on embryonic development,
eproduction, and estradiol level [19,20] and the uptake and bioac-
umulation [21,22]. However, there is few studies on the behavioral
ffects of fluoxetine in medaka except to a report about altered pho-
omotor response in hatching larvae [23], while the effects on adult
omplex behaviors have been shown in some teleost species such
s aggressive behavior in the bluehead wrasse (Thalassoma bifascia-
um) [24], the Siamese fighting fish (Betta splendens)  [25], and the
ulf toadfish (Opsanus beta) [26], locomotor behavior in Chinook
almon (Oncorhynchus tshawtscha) [27] and sheepshead minnow
Cyprinodon variegates)  [28], and anxiety-related behavior in the
ebrafish [29–31] and fathead minnow (Pimephales promelas) [32].

In this study, we aimed to characterize the behavioral alter-
tions induced by chronic fluoxetine treatment in medaka adult
sh. The behavioral effects, especially on the anxiety-related and
ocial behaviors, were examined by five behavioral test paradigms
ncluding diving test, open-filed test, light–dark transition test, mir-
or approaching test, and social interaction test that are regarded
s effective paradigms to evaluate locomotor activities, anxiety-
elated behaviors, and social behaviors in teleost [13,29,33–35].
he behavioral data of testing fish was acquired and analyzed by
n automated behavioral testing system consisting of a video track-
ng software and test chambers for automated quantification of the

edaka behavior.

. Materials and methods

.1. Fish and housing conditions

The d-rR strain medaka fish [36] is maintained as a closed colony
ith little polymorphisms among the individuals and is a parental

train of a inbred strain Hd-rR whose whole genome was sequenced
2], which is used for a standard laboratory strain in a wide range of
cientific research. We  used this strain in this study to evaluate the
harmacological effects with minimal effects of both genetic and
nvironmental backgrounds.

Embryos were raised in embryo culture medium (0.1% NaCl,
.003% KCl, 0.004% CaCl2·2H2O, and MgSO4·7H2O) on a 14/10 h

ight/dark cycle at 26 ◦C. Hatched fish were raised in groups of
–10 fish per 2-L tank with recirculating filtered water at 27 ◦C. The
sh tanks were illuminated by white fluorescent tube on a 14/10 h

ight/dark cycle. The fish were fed newly hatched Artemia nauplii
nd commercial powdered foods (for larval fish: Sweetfish Super
old #0, Oriental Yeast, Tokyo, Japan; for juvenile and adult fish:
tohime B2, Marubeni Nisshin Feed, Tokyo, Japan, for juvenile and
dult fish) once or twice a day. The 4 month-old fish were subjected
o the following pharmacological manipulation and the behav-
oral testing. The standard length of the examined male or female
sh was 20.03 ± 1.20 or 20.22 ± 1.69 mm,  respectively (n = 24 each).
fter the experimentation, all tested fish were sacrificed by deep
nesthesia using MS-222 (Sigma–Aldrich, St. Louis, MO). This work
as conducted using the protocols approved by the Animal Exper-

mentation Committee of Kyoto University (permission number:
6–71).

.2. Pharmacological manipulations
Stock solutions of 1 mg/mL  fluoxetine hydroxychloride (F132,
igma–Aldrich) was prepared in distilled water and kept at 4 ◦C
ntil use. The stock solution was diluted to 100 ng/mL with con-
esearch 303 (2016) 126–136 127

ditioned water (0.003% Red Sea Salt, Red Sea Aquatics, Houston,
TX; 0.05% Tetra Vital, Tetra, Melle, Germany; 0.05% Tetra AquaSafe,
Tetra; 0.025% Tetra ContraChlorine, Tetra). Two groups of 12 fish
per tank (including both male and female) were exposed to 2 L of
fluoxetine-containing water for 10 days with tank water changes
every 2 days. Their respective controls were kept in conditioned
water without fluoxetine but in otherwise identical conditions.

2.3. Behavioral testing

2.3.1. Apparatuses and software
All apparatuses for behavioral testing were set up in a wooden

cube (36 cm height × 36 cm width × 38 cm depth) with a door to
stabilize the testing condition. Video images of the test fish were
recorded using a USB webcam (DC-NCR300UY, Hanwha, Seoul,
Korea) from front of the testing tank (diving and light–dark tran-
sition test) or above the tank (open-field, mirror biting, and social
interaction test). The testing tanks for the diving and light–dark
transition test were illuminated using an LED panel light (300 lx)
attached to the top panel, and the tanks for other paradigms were
illuminated four light bars (550 lx) attached to each side panel at
75 mm  height from the bottom panel.

Behavioral data were acquired and analyzed by custom-made
software with OpenCV computer vision library. Images were cap-
tured every 100 ms.  Captured images were subtracted background
image and binarized. The calculated gravity points of binarized fish
objects were used as fish position. All behavioral parameters used
in this study including swimming distance and velocity were cal-
culated by the time course of fish position.

2.3.2. Testing procedures
Behavioral testing including five paradigms (open-field, diving,

light–dark transition, mirror biting, and social interaction) was  per-
formed over five days. Each fish was  subjected to open-field and
diving test at the first and second days, to light–dark transition
and mirror biting test at the third and forth days, and to social
interaction test at the fifth day.

Before introducing test fish into the test tank, they were indi-
vidually introduced in a 1 L pre-treatment tank by a fishnet. The sex
of each test fish was determined by anal fin shape, and then was
transferred to the tank for the behavioral testing.

2.3.3. Diving test
Diving test is a well-established paradigm to quantify stress

responses and anxiety-related behaviors in zebrafish [29]. The test
was conducted using a rectangular tank (200 mm length × 50 mm
width × 150 mm height) consisting of white acrylic panels except a
transparent acrylic panel at the front face and filled with the condi-
tioned water to a height of 120 mm (Fig. 1 A). The tank was divided
into five virtual horizontal areas (24 mm height each) (Fig. 1B). Fish
were individually introduced into the test tank, and their behav-
iors were recorded for 10 min  to calculate distance traveled (mm),
freezing duration (s), the time spent in the top area (s), latency to
enter the top (s), the number of entries into the top, and the time
spent in the bottom area (s).

2.3.4. Open-field test
Open field test is a behavioral paradigm to assess anxiety levels

and locomotor activity in zebrafish [33]. The test was performed
in a white acrylic tank (200 mm length × 200 mm  width × 75 mm
height) filled with the conditioned water to a height of 20 mm
(Fig. 2A). The bottom of the tank was virtually divided into cen-

ter (120 mm × 120 mm,  60% of length and width) and peripheral
(the area within 80 mm from the walls) areas (Fig. 2B). Fish were
individually introduced into the center of the tank, and their trajec-
tories were recorded for 15 min. Distance traveled (mm), freezing
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Fig. 1. Diving test. (A) An illustration of the test tank. The tank is filled with 1200 mL  (120 mm depth) of conditioned water. (B) A region of interest (200 mm
width  × 120 mm height) is vertically divided into five areas (200 mm width × 24 mm height each) including “top” and “bottom” area. (C and D) Representa-
tive  traces of control (C) and fluoxetine-treated (D) fish. The three-dimensional traces were generated by plotting coordinate data of fish traces across the time
of  the test. (E–P) Behavioral effect of fluoxetine treatment on medaka tested in the diving test. (E–G) Distance (mm) traveled for 1 min bins in male (E) and
female  (F) fish, and total distance (mm) traveled for 10 min  (G). (H–J) Duration (s) of freezing behavior for 1 min bins in male (H) and female (I) fish, and
total  duration (s) of freezing for 10 min  (J). (K–M) Time spent (s) in the top area for 1 min bins in male (K) and female (L) fish, and total time spent (s) in
the  top area for 10 min  (M). (N and O) Cumulative incidence of the first entry into the top area in male (N) and female (O). (P) Total number of entries into
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uration (s), the time spent in center area (s), and the numbers of
ntries into center area was calculated for each group.

.3.5. Light–dark transition test
The light–dark transition test is widely used to quantify anxiety-

elated behavior of teleost species [35]. A rectangular acrylic tank
200 mm  length × 50 mm width × 100 mm height) was  divided
qually into two compartments, left-half dark and right-half light
100 mm length each) (Fig. 3A and B). The light compartment con-
isted of white walls and bottom and was illuminated by the LED
anel, while the dark one consisted of black walls and bottom and
as shielded from light with an opaque lid. The front face of the

ank consisted of a transparent acrylic panel for the camera record-
ng. The tank was filled with the conditioned water to a height of
0 mm (Fig. 3A). Fish were individually introduced into the light
ompartment, and their behaviors were recorded for 10 min  to cal-
ulate distance traveled (mm),  the time spent in the light area (s),
he time spent in the dark area (s), latency to entry into the dark
s), and the number of transitions between two compartments.

.3.6. Mirror-biting test
Mirror approaching behavior is defined as a model of the social

ehavior in medaka [13]. The mirror-biting test apparatus con-
isted of white acrylic rectangular tank (200 mm length × 90 mm
idth × 70 mm height) with a transparent acrylic bar (5 mm

quare × 90 mm height) in each four corner to attach a mirror
90 mm width × 70 mm height) to the tank (Fig. 4A). The tank
as filled with the conditioned water to a height of 20 mm.  The

ottom of the tank was virtually divided into 20 areas (10 mm
ength × 90 mm width each), and stay in an area closet to the mir-
or was defined as the “mirror-biting” behavior (Fig. 4B). Fish were
ndividually introduced into the center of tank, and their trajecto-
ies were recorded for 10 min  to calculate the time of mirror biting
s), latency to enter the mirror biting area (s), the number of mirror
iting, and distance traveled (mm).

.3.7. Social interaction test
Social interaction test is used to evaluate interactions between

wo fish in an open-field. The test was conducted using the same
pparatus as the open-field test filled with the conditioned water to

 height of 20 mm (Fig. 1A). A pair of two congeneric fish was intro-
uced into the tank and their trajectories were recorded for 10 min.
he frames at which two individuals were detected as a fish object
ere defined as the “contact” frames to calculate latency to the
rst contact (s), the time of contact (s), and the number of contact.
verage distances between the two fish (mm)  were also calculated
sing the XY coordinate data read out from the behavioral analysis
oftware.

.4. Data analysis

All statistical analysis were performed using GraphPad Prism
 for Windows (GraphPad Software, La Jolla, CA). Differences
etween treatments over time were analyzed using two-way
epeated measured (RM) analysis of variance (ANOVA) followed

y Sidak’s multiple comparison test. Differences between treat-
ents were analyzed using Welch’s t-test, except latency outcomes
ere analyzed using survival curves and log-rank (Mantel–Cox)

est [37,38].

he top area. (Q) Total time spent (s) in the bottom area. Control male, n = 12; Control fe
ean  ± S.E.M. Differences between treatments over time were analyzed by two-way repe

reatments were calculated by Welch’s t-test. Symbols indicate significant differences co
nalyzed using survival curves and log-rank (Mantel–Cox) test. *P < 0.05; **P < 0.01; ***P <
esearch 303 (2016) 126–136 129

All data were presented as mean ± S.E.M. Three-dimensional
reconstructions of spatiotemporal traces of fish were generated
using Python 2.7 with the packages NumPy and Matplotlib. The
X-, Y-coordinate, and time (frame count) that were obtained from
XY coordinate output files from the behavioral analysis software
were plotted on the X-, Y-, and Z-axis, respectively.

3. Results

In the diving test, the fluoxetine treatment did not affect dis-
tance traveled in the 10-min test in both male (two-way RM
ANOVA: treatment, F[1, 21] = 1.205, P = 0.2848; time, F[9, 189] = 1.205,
P < 0.0001; interaction, F[9, 189] = 1.205, P = 0.1952; Fig. 1E and
Welch’s t-test: t = 1.106, P = 0.2812, Fig. 1G) and female (two-
way RM ANOVA: treatment, F[1, 20] = 0.3423, P = 0.5650; time,
F[9, 180] = 12.36, P < 0.0001; interaction, F[9, 180] = 1.205, P = 0.6018;
Fig. 1F and Welch’s t-test: t = 0.5928, P = 0.5600, Fig. 1G).  Total
duration of freezing was  not affected in both male (two-
way RM ANOVA: treatment, F[1, 21] = 0.5098, P = 0.2028; time,
F[9, 189] = 32.27, P < 0.0001; interaction, F[9, 189] = 6.712, P = 0.0063;
Fig. 1H and Welch’s t-test: t = 1.325, P = 0.1995, Fig. 1J) and female
(two-way RM ANOVA: treatment, F[1, 20] = 0.6773, P = 0.1507; time,
F[9, 180] = 17.50, P < 0.0001; interaction, F[9, 180] = 13.11, P < 0.0001;
Fig. 1I and Welch’s t-test: t = 1.493, P = 0.1516, Fig. 1J), while freez-
ing during the first 1 min  significantly decreased in both male
(t = 4.940, P < 0.0001, Fig. 1H) and female (t = 6.061, P < 0.0001,
Fig. 1I). Fluoxetine-treated fish exhibited more time spent
in the top area (male: two-way RM ANOVA, treatment,
F[1, 21] = 187.7, P < 0.0001; time, F[9, 189] = 1.577, P = 0.1247; interac-
tion, F[9, 189] = 4.459, P < 0.0001; Fig. 1K; Welch’s t-test, t = 13.51,
P < 0.0001, Fig. 1M;  female: two-way RM ANOVA, treatment,
F[1, 20] = 154.1, P < 0.0001; time, F[9, 180] = 1.963, P = 0.0460; interac-
tion, F[9, 180] = 1.984, P = 0.0435; Fig. 1L; Welch’s t-test, t = 11.44,
P < 0.0001, Fig. 1M),  lower latency to enter the top area (male:
�2 = 26.92, P < 0.0001, Fig. 1N and female: �2 = 26.11, P < 0.0001,
Fig. 1O), increasing number of entries into the top area (male:
t = 4.320, P = 0.0004 and female: t = 5.356, P < 0.0001; Fig. 1P), and
less time spent in the bottom area (male: t = 9.657, P < 0.0001 and
female: t = 11.84, P < 0.0001; Fig. 1Q). These behavioral alterations
were clearly demonstrated by three-dimensional reconstructions
of representative traces (Fig. 1C and D).

In the open-field test, three-dimensional reconstructions of
representative fish traces are shown in Fig. 2C and D. Fluoxetine-
treated fish showed significantly decreasing distance traveled
in the 15-min test in both male (two-way RM ANOVA: treat-
ment, F[1, 21] = 6.512, P = 0.0186; time, F[14, 294] = 10.16, P < 0.0001;
interaction, F[14, 294] = 0.7912, P = 0.6786; Fig. 2E and Welch’s t-
test: t = 2.557, P = 0.0184, Fig. 2G) and female (two-way RM
ANOVA: treatment, F[1, 22] = 10.89, P = 0.0033; time, F[14, 308] = 14.25,
P < 0.0001; interaction, F[14, 308] = 1.047, P = 0.4066; Fig. 2F and
Welch’s t-test: t = 3.299, P = 0.0035, Fig. 2G) and shorter freezing
duration in the first 1 min  of the 15-min test (male: t = 4.898,
P < 0.0001, Fig. 2H; female: t = 3.664, P = 0.0043, Fig. 2I) but not
in the total 15-min test (male: t = 1.123, P = 0.2852; female:
t = 0.4310, P = 0.6707; Fig. 2J). Fluoxetine-treated fish spent sig-
nificantly more time in the center area of the tank (male:

t = 2.314, P = 0.0331; female: t = 2.939, P = 0.0079; Fig. 2M),  espe-
cially during the first 2 or 3 min  in both male (two-way RM
ANOVA: treatment, F[1, 21] = 5.103, P = 0.0346; time, F[14, 294] = 21.28,
P < 0.0001; interaction, F[14, 294] = 2.777, P = 0.0007; Sidak’s multiple

male, n = 12; Fluoxetine male, n = 11; Fluoxetine female, n = 10. Data are shown as
ated measured ANOVA and Sidak’s multiple comparison test; differences between
mpared to controls. Cumulative incidence of the first entry into the top area was

 0.001; ****P < 0.0001.
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Fig. 2. Open-field test. (A) An illustration of the test tank. The tank is filled with 800 mL  (20 mm depth) of conditioned water. (B) A region of interest (200 mm × 200 mm)
contains a 60% center area (120 mm × 120 mm).  (C and D) Representative traces of control (C) and fluoxetine-treated (D) fish. The three-dimensional traces were generated
by  plotting coordinate data of fish traces across the time of the test. (E–P) Behavioral effect of fluoxetine treatment on medaka tested in the open-field test. (E–G) Distance
(mm)  traveled for 1 min  bins in male (E) and female (F) fish, and total distance (mm)  traveled for 15 min  (G). (H-J) Duration (s) of freezing behavior for 1 min  bins in male
(H)  and female (I) fish, and total duration (s) of freezing for 15 min (J). (K–M) Time spent (s) in the center area for 1 min  bins in male (K) and female (L) fish, and total time
spent  (s) in the center area for 15 min  (M). (N–P) Number of entries into the center area for 1 min  bins in male (N) and female (O) fish, and total number of entries into the
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Fig. 3. Light/dark transition test. (A) An illustration of the test tank. The tank is filled with 600 mL  (30 mm depth) of conditioned water. (B) A region of interest (200 mm
width  × 30 mm height) is divided into the “dark” and the “light” areas (100 mm width × 30 mm height each). (C–I) Behavioral effect of fluoxetine treatment on medaka tested
in  the light/dark transition test. (C) Total distance (mm)  traveled for 10 min. (D and E) Total time spent (s) in the light (D) and light (E) area. (F and G) Cumulative incidence
of  the first entry into the dark area in male (F) and female (G). (H–J) Number of transitions between the areas for 1 min bins in male (H) and female (I) fish, and total number
of  transitions between the areas for 10 min  (J). Control male, n = 11; Control female, n = 11; Fluoxetine male, n = 9; Fluoxetine female, n = 9. Data are shown as mean ± S.E.M.
D easur
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ifferences between treatments over time were analyzed by two-way repeated m
ere  calculated by Welch’s t-test. Symbols indicate significant differences compar
sing  survival curves and log-rank (Mantel–Cox) test. *P < 0.05; **P < 0.01; ***P < 0.0

omparison test: 0–1 min, t = 3.584, P = 0.0059; 1–2 min, t = 5.038,
 < 0.0001; Fig. 2K) and female (two-way RM ANOVA: treatment,
[1, 22] = 8.637, P = 0.0076; time, F[14, 308] = 13.58, P < 0.0001; inter-
ction, F[14, 308] = 4.530, P < 0.0001; Sidak’s multiple comparison
est: 0–1 min, t = 5.231, P < 0.0001; 1–2 min, t = 5.903, P < 0.0001;
–3 min, t = 3.006, P = 0.0419; Fig. 2L), respectively. Total num-

er of entries into the center area was not affected in both male
t = 0.002943, P = 0.9977, Fig. 2P) and female (t = 1.695, P = 0.1047,
ig. 2P) but number of entries into the center during 2–3 min  was

enter area for 15 min  (P). Control male, n = 11; Control female, n = 12; Fluoxetine mal
etween treatments over time were analyzed by two-way repeated measured ANOVA and
y  Welch’s t-test. Symbols indicate significant differences compared to controls. *P < 0.05
ed ANOVA and Sidak’s multiple comparison test; differences between treatments
 controls. Cumulative incidence of the first entry into the dark area was analyzed
**P < 0.0001.

significantly increasing in female (two-way RM ANOVA: treatment,
F[1, 22] = 2.872, P = 0.1043; time, F[14, 308] = 9.713, P < 0.0001; interac-
tion, F[14, 308] = 1.785, P = 0.0399; Sidak’s multiple comparison test:
2–3 min, t = 3.976, P = 0.0013; Fig. 2O).

In the light–dark transition test, fluoxetine-treated fish showed
significantly decreasing distance traveled in the 10-min test (male:

t = 2.688, P = 0.0158; female: t = 3.380, P = 0.0037; Fig. 3C). However,
time spent in the light area (male: t = 1.850, P = 0.0876; female:
t = 0.3226, P = 0.7512; Fig. 3D), time spent in the dark area (male:

e, n = 12; Fluoxetine female, n = 12. Data are shown as mean ± S.E.M. Differences
 Sidak’s multiple comparison test; differences between treatments were calculated
; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 4. Mirror-biting test. (A) An illustration of the test tank. A mirror is attached to the inner side wall of the tank. The tank is filled with 360 mL (20 mm depth) of conditioned
water. (B) An area closest to the mirror (10 mm width × 90 mm height) is defined as the mirror biting area in a region of interest (200 mm width × 90 mm height). (C and D)
Representative traces of control (C) and fluoxetine-treated (D) fish. The three-dimensional traces were generated by plotting coordinate data of fish traces across the time
of  the test. (E–J) Behavioral effect of fluoxetine treatment on medaka tested in the mirror-biting test. (E–G) Time spent (s) in the mirror biting area for 1 min  bins in male (E)
and  female (F) fish, and total time spent (s) in the mirror biting area for 10 min  (G). (H and I) Cumulative incidence of the first mirror biting in male (H) and female (I). (I)
Total  number of entries into the mirror biting area for 10 min. (J) Total distance (mm) traveled for 10 min. Control male, n = 12; Control female, n = 10; Fluoxetine male, n = 11;
F eatme
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luoxetine female, n = 11. Data are shown as mean ± S.E.M. Differences between tr
ultiple comparison test; differences between treatments were calculated by We

ncidence of the first mirror biting was analyzed using survival curves and log-rank
 = 1.852, P = 0.0873; female: t = 0.3160, P = 0.7561; Fig. 3E), and
atency to enter the dark area (male: �2 = 0.03330, P = 0.8552,
ig. 3F; female: �2 = 3.284, P = 0.0699, Fig. 3G) were unaffected by
he fluoxetine treatment. The fluoxetine treatment also produced
nts over time were analyzed by two-way repeated measured ANOVA and Sidak’s
t-test. Symbols indicate significant differences compared to controls. Cumulative
tel–Cox) test. *P < 0.05; **P  < 0.01; ***P < 0.001; ****P < 0.0001.
significantly decreasing number of transitions between the areas
in both male (t = 2.277, P = 0.0407, Fig. 3J) and female (t = 2.364,
P = 0.0299, Fig. 3J). In female, the number of transitions during
2–4 min  were significantly decreased (two-way RM ANOVA: treat-
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ent, F[1, 18] = 5.168, P = 0.0355; time, F[9, 162] = 2.285, P = 0.0194;
nteraction, F[9, 162] = 2.918, P = 0.0031; Sidak’s multiple comparison
est: 2–3 min, t = 3.063, P = 0.0250; 3–4 min, t = 3.905, P = 0.0013;
ig. 3I).

In the mirror-biting test, the fluoxetine treatment produced sig-
ificantly less time of mirror biting (male: t = 2.418, P = 0.0248;

emale: t = 2.601, P = 0.0182; Fig. 4G), especially during the
nterior half of the 10-min test in both male (two-way RM
NOVA: treatment, F[1, 21] = 5.773, P = 0.0256; time, F[9, 189] = 7.606,

 < 0.0001; interaction, F[9, 189] = 2.492, P = 0.0103; Sidak’s multiple
omparison test: 1–2 min, t = 3.804, P = 0.0019; 2–3 min, t = 3.629,

 = 0.0036; Fig. 4E) and female (two-way RM ANOVA: treat-
ent, F[1, 19] = 6.526, P = 0.0194; time, F[9, 171] = 9.091, P < 0.0001;

nteraction, F[9, 171] = 0.9139, P = 0.5145; Sidak’s multiple compar-
son test: 2–3 min, t = 2.917, P = 0.0389; Fig. 4F). This behavioral
lteration was  also clearly demonstrated in three-dimensional
econstructions of representative fish (Fig. 4C and D). The fluox-
tine administration did not affect latency to the first mirror biting
male: �2 = 1.319, P = 0.2507, Fig. 4H; �2 = 2.000, P = 0.1573, Fig. 4I)
nd number of mirror biting (male: t = 1.624, P = 0.1219; female:

 = 0.4097, P = 0.6894; Fig. 4J). However, distance traveled in the 10-
in  test was significantly decreasing in the fluoxetine-treated fish

male: t = 2.654, P = 0.0155; female: t = 3.107, P = 0.0064; Fig. 4K).
In the two-fish social interaction test, average distance between

wo fish was not affected by the fluoxetine treatment (male:
 = 0.7341, P = 0.4956; female: t = 0.005327, P = 0.9960; Fig. 5A).
he fluoxetine treatment produced significantly longer latency
o the first contact (male: �2 = 10.26, P = 0.0014, Fig. 5B; female:
2 = 5.693, P = 0.0170; Fig. 5C). Fluoxetine-treated fish did not show
ny significant difference in total contact time (male: t = 0.9480,

 = 0.3780; female: t = 1.462, P = 0.1894; Fig. 5F) but only the
emale fish showed significantly decreasing contact time during
he 2–3 min  of the 10-min test (two-way RM ANOVA: treatment,
[1, 7] = 2.127, P = 0.1880; time, F[9, 63] = 3.381, P = 0.0019; interac-
ion, F[9, 63] = 1.806, P = 0.0847; Sidak’s multiple comparison test:
–3 min, t = 2.978, P = 0.0391; Fig. 5E). Number of contact was
ignificantly reduced in the male fish (two-way RM ANOVA:
reatment, F[1, 9] = 6.339, P = 0.0329; time, F[9, 81] = 5.332, P < 0.0001;
nteraction, F[9, 81] = 0.8301, P = 0.5904; Sidak’s multiple compar-
son test: 7–8 min, t = 3.048, P = 0.0298; Fig. 5G; Welch’s t-test:

 = 2.582, P = 0.0296, Fig. 5I) but not in the female (two-way RM
NOVA: treatment, F[1, 7] = 4.081, P = 0.0831; time, F[9, 63] = 5.047,

 < 0.0001; interaction, F[9, 63] = 1.119, P = 0.3630; Fig. 5H; Welch’s
-test: t = 2.052, P = 0.0801, Fig. 5I).

. Discussion

In this study, we successfully detected significant behavioral
lterations induced by chronic fluoxetine treatment using the
ve behavioral paradigms. Because medaka serves as an excellent
odel for toxicology, previous studies on the effects of fluoxetine

sing medaka were mainly focused on toxicological viewpoints
uch as reproduction, larval toxicity, uptake, accumulation and
epuration [19–22]. Although Chiffre et al. reported the behavioral
ffects of fluoxetine on medaka, they evaluated only locomotion
nduced by changes in light intensities using the larval fish [23]. This
s the first report to assess the effects of chronic fluoxetine treat-

ent on the anxiety-related and social behaviors in medaka adult
sh by combining with a number of paradigms. These results indi-
ate that medaka and the behavioral testing system for assessing

heir anxiety-related and social behaviors will allow assessing and
creening the pharmaceutical effects and toxicity of not only SSRIs
ut also other pharmacological agents from the aspect of animal
ehaviors.
esearch 303 (2016) 126–136 133

SSRIs are typically used as first-line pharmacotherapy in anxiety
disorders [39] and have also been demonstrated to have anxiolytic
effects in rodent models [40]. In teleost fish, the diving test is one
of the most well established paradigms for assessing anxiety-like
behavioral responses and chronic fluoxetine treatment has been
reported to induce anxiolytic responses [29,31,32]. Chronic treat-
ment with fluoxetine in medaka induced behavioral changes such
as an overall increase time spent in the top area, shorter latency
to the first entry into the top area, a larger number of top transi-
tions (Fig. 1), similar to previous reports in zebrafish. These results
indicate that the diving test in medaka has successfully detected
anxiolytic responses induced by chronic fluoxetine treatment and
would become a robust model of anxiety-like behavior as well as
zebrafish.

The open-field test is a popular paradigm to assess anxiety-like
behavior in rodents [41]. Medaka with chronic fluoxetine treatment
exhibited an increase time spent in the center area of the open-field,
especially during the first a few minutes of the test (Fig. 2K–M),
which is in agreement with anxiolytic effects found in juvenile Chi-
nook salmon [27] and BALB/c mice [40] treated chronically with
fluoxetine. These alterations of the place preferences in the open-
field were also considered as an anxiolytic responce in zebrafish,
which was  found in fish treated with �-fluoromethylhistidine, the
inhibitor of histamine production [33]. In fact, histamine admin-
istration decreased the activity of serotonergic neurons in rat
hypothalamus [42], suggesting that �-fluoromethylhistidine may
have the same effect as fluoxetine on behaviors regulated by seroto-
nergic neurons. These findings indicate that an increase time spent
in the center area would be an anxiolytic response in medaka and
the place preference in the open-field might be useful indicator
of anxiety in medaka. Additionally, in both the diving and open-
field test, fluoxetine-treated fish significantly reduced duration of
freezing during the first 1 min. Anxiogenic treatments in zebrafish,
such as administration of the alarm substance and mutation of
the glucocorticoid receptor, increased durations of the freezing
with decreased expression of a serotonin transporter gene slc6a4a
[43,44] and the responses were attenuated by fluoxetine admin-
istration [44,45]. These facts support that the shorter freezing
duration could be considered as one of the anxiolytic responses
in medaka.

The light–dark preference has been already established as
an anxiety model in rodents, based on the innate aversion to
brightly illuminated areas and spontaneous exploratory behavior in
response to mild stressors [46]. A wide range of teleost species also
have the innate aversion to the illuminated environment [47,48],
which was  used to evaluate anxiolytic effects such as chronic flu-
oxetine and buspirone as an increase time spent in the lighted
compartment [30]. However, in this study, medaka spent more time
in the bright area than the dark with or without chronic fluoxetine
treatment (Fig. 3D andE). This result shows that the innate aversion
of the bright areas in medaka, at least the d-rR strain, could be not
affected by fluoxetine but also be lost congenetically. In fact, it has
been reported that the eastern mosquitofish (Gambusia holbrooki)
did not present a preference for the dark environments, contrary
to other poeciliidae species such as the guppy (Poecilia reticulata)
and the swordtail (Xiphophorus helleri)  [35], and medaka also has
polymorphisms among strains or populations in some behavioral
traits [15,49]. These indicate the need for a more careful discussion
in medaka about the innate aversion of illuminated environments
and the usability of the light–dark transition paradigm to assess
their anxiety.

Fluoxetine is known to affect social behaviors including social

anxiety [50] and impulsive aggression [51], and previous studies
have been reported that fluoxetine also altered aggressive behav-
ior in teleost [24–26]. In this study, to assess the effects of chronic
fluoxetine treatment on the social behaviors, we performed two
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Fig. 5. Two-fish social interaction test. (A) Average distance (mm)  between the test individuals for 10 min. (B and C) Cumulative incidence of the first contact between fish
in  male (B) and female (C). (D–F) Time (s) of contacts between fish for 1 min  bins in male (D) and female (E), and total time (s) of contacts for 10 min  (F). (G–I) Number
of  contacts between fish for 1 min  bins in male (G) and female (H), and total number of contacts for 10 min  (I). Control male, n = 6; Control female, n = 5; Fluoxetine male,
n  treatm
m lch’s 

i tel–Co

b
t
a
m
o
t
a
s
i
m

d
(
i
a
c
t
t
b
H
a
i
i
m
p

 = 5; Fluoxetine female, n = 4. Data are shown as mean ± S.E.M. Differences between
ultiple comparison test; differences between treatments were calculated by We

ncidence of the first contact was analyzed using survival curves and log-rank (Man

ehavioral paradigms: the mirror-biting test and the social interac-
ion test. The mirror approaching behavior in medaka is considered
s a simple and robust model of socially induced anxiety [13]. The
irror biting time was significantly decreased by chronic treatment

f fluoxetine in both sexes (Fig. 4E–G). This effect is consistent with
he behavioral alteration induced by administration of an anxiolytic
gent diazepam [13] that decreases the stress response as mea-
ured by cortisol level as well as fluoxetine in zebrafish [52]. These
ndicate that fluoxetine decreased the socially induced anxiety in

edaka as well as the previous reports in humans and rodents.
The social interaction test was used to investigate the effects on

irect interactive behaviors between two congeneric individuals
male-to-male or female-to-female). Chronic fluoxetine treatment
n medaka induced longer latency to the first contact (Fig. 5B and C),

 shorter contact time in female (Fig. 5E), and a decrease number of
ontact in male (Fig. 5G and I). This result suggests that chronic
reatment with fluoxetine induces a decrease in social interac-
ions, which could agree with a decreased territorial aggression
y chronic fluoxetine treatment in male bluehead warasses [24].
owever, as we defined all encounters between the tested two  fish
s the “contact” to quantify the behaviors automatically, the social
nteraction in this paradigm includes a wide range of social behav-

ors such as aggression, defense, and sociability. This indicates that

anual observation and categorization of the social behaviors as
reviously reported in aggressive behavior of medaka [8] will be
ents over time were analyzed by two-way repeated measured ANOVA and Sidak’s
t-test. Symbols indicate significant differences compared to controls. Cumulative
x) test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

required for a more detailed consideration of the effects of chronic
fluoxetine treatment on the social behaviors.

We also found that fish chronically treated with fluoxetine
showed a significantly short distance traveled in the open-field test
(Fig. 2E–G), the light–dark transition test (Fig. 3C), and the mirror-
biting test (Fig. 4K) but not in the diving test (Fig. 1E–G). Since
all 3 paradigms that were found the significant differences use the
shallow test tanks (20–30 mm  depth of water) contrary to the deep-
water tank in the diving test (120 mm depth), chronic fluoxetine
treatment reduces horizontal locomotor activity but not vertical
activity. Given these different effects between horizontal and ver-
tical locomotor, a decreased horizontal activity could be caused
by alterations of exploration behavior and/or place preference
in the shallow tanks rather than impairment in motor function.
Decreased horizontal activities induced by chronic fluoxetine treat-
ment were also observed in the juvenile Chinook salmon [27] and
the sheepshead minnow [28], indicating that this effect would be
common to a wide range of teleost species. However, identifying a
specific cause for the effects will require some additional tests to
assess motor function correspond to rotarod and footprint analysis
in rodents [53].

Previous studies reported that fluoxetine exhibited the effects

that was  significantly different between male and female on the
efficacy in depressed patients [54], on the behaviors in mice [55],
and on neuroplasticity and pharmacokinetics in mice [56]. Since
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edaka shows sexually dimorphic expressions of tph1 and tph2
enes involved in serotonin synthesis in the brain [57], fluoxe-
ine may  also have sexually different effects on the behaviors of
eleost fish species; however, there was little evidence for the
ifferent effects. In this study, both male and female fish were
ubjected to all five paradigms, revealing that there was no sig-
ificant difference in most behavioral parameters, but we found
ifferences in increased center entries of female in the open-field
est (Fig. 2O) and decreased contact time of female (Fig. 5E) and
ecreased contact numbers of male (Fig. 5G) in the social inter-
ction test. Although further detailed considerations, especially at
he cellular and/or tissue levels, will be required to discuss the sig-
ificance of these different parameters, our results emphasize the

mportance of behavioral assessment using both sexes for further
nderstanding of the pharmaceutical effects in teleost fish.

The behavioral characterization of medaka using the behavioral
esting system will allow us to assess the behavioral effects of not
nly the pharmacological treatments but also genetic manipula-
ions. Recently, the advanced molecular genetic techniques such as
argeted genome editing with nucleases [58–60] and spatiotempo-
al control of transgenes by Cre/loxP system [61] has been available
n medaka. In combination with these techniques, the testing sys-
em will become a powerful tool for showing function of specific
enes and neural circuits in complex behaviors of adult fish. Fur-
hermore, medaka also provides unique genetic resources such as

 many highly inbred strains and closely related species native to
ifferent habitats [62]. Behavioral characterization of these strains
nd/or species with the testing system could contribute to an
nderstanding of genetic control of the anxiety-related and social
ehaviors.
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