Journal of

Marine Science K\
and Engineering M D\Py

Article

Establishment and Optimization of an Aggregate Culture
System of Testicular Cells from Marine Medaka,

Oryzias dancena

Jae Hoon Choi ), Jun Hyung Ryu 2 and Seung Pyo Gong 1-3*

Department of Fisheries Biology, Pukyong National University, Busan 48513, Republic of Korea;
fishcell@korea.kr

Department of Marine Biotechnology, Institute of Marine and Environmental Technology,
University of Maryland Baltimore Country, Baltimore, MD 21202, USA; rjh@umbc.edu

Division of Fisheries Life Science, Major in Aquaculture and Applied Life Science,

Pukyong National University, Busan 48513, Republic of Korea

Correspondence: gongsp@pknu.ac.kr

Current address: Biotechnology Research Division, National Institute of Fisheries Science,
Busan 46083, Republic of Korea.

Abstract: Although testicular organoids have remarkable potential as testicular models in vitro, there
have been few studies about testicular organoids in teleost fish. As a first step to establish a stable
culture system for fish testicular organoids, we investigated the efficient conditions for an aggregate
culture of dispersed testicular cells from adult marine medaka (Oryzias dancena) by evaluating the
effects of culture methods and media composition on an aggregate culture. As the results, we found
that culturing dispersed testicular cells in an ultra-low attachment 96 well without Matrigel was most
effectively able to induce the formation of testicular cell aggregates among the five different methods
tested. Subsequently, through media testing, we confirmed that the modified ESM2 was more optimal
for this aggregate culture than the media conventionally used in porcine, human, and rat testicular
aggregate cultures. Furthermore, we demonstrated that three supplements in the modified ESM2
including fish serum (FS), basic fibroblast growth factor (bFGF), and embryo extracts (EE) did not
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1. Introduction

In the testis, spermatogenesis occurs by complex signals between germ cells and
Copyright: © 2023 by the authors.  somatic cells [1]. During spermatogenesis, diploid spermatogonia undergo asymmetric
Licensee MDPI, Basel, Switzerland.  djvisions to produce haploid sperm cells, carrying genetic information to the next gener-
This article is an open access article  atjon [2]. Therefore, the development of an in vitro testicular model capable of realizing
distributed under the terms and jp yitro spermatogenesis would be useful for research regarding male infertility treatment
and animal reproductive biotechnology. So far, there have been many efforts to realize
in vitro spermatogenesis by using two-dimensional (2D) or 3D culture methods [3-5]. How-
ever, it has been shown that a 2D culture method was not suitable for realizing in vitro
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spermatogenesis, possibly due to the absence of a proper spatial arrangement between
germ cells and somatic cells [6,7]. Unlike this, testis organ culture, a 3D culture method,
successfully produced fertilizable sperm through in vitro spermatogenesis [4], but this
method has a drawback, as it is an in vitro model system that cannot accomplish a sus-
tainable subculture, which is important in terms of preventing repeated animal sacrifices.
These mean that a good in vitro testicular model for in vitro spermatogenesis needs both
germ-somatic cell interactions and culture sustainability.

Testicular organoids that mimic testicular structures and functions in vitro can be good
candidates that meet such requirements. They can retain germ-somatic cell interactions
in vitro and may be subcultured continuously under optimized culture conditions. Pre-
viously, several studies have performed the culture of testicular organoids in mammals.
The embedding of primary testicular cells, which were isolated from 18-day-old male rats,
in collagen and Matrigel matrix induced cyst-like structures of testicular aggregates and
increased the haploid cell population compared to a 2D culture [8]. A three-layer gradient
system (3-LGS) induced the dispersed cells from rat testis to form testicular organoids that
reorganized into spherical-tubular structures and maintained their germ cell population for
21 days [7]. In pigs, highly biomimetic organoids could be made through the formation of
testicular spheroids in ultra-low attachment 96-well plates (ULA) and subsequent culture
in an air-liquid interface [9].

In spite of its remarkable potential in biotechnology applications, there have only been
a few studies about culturing testicular organoids in teleost fish. Studies on Gnathopogon
caerulescens [10] and Bostrychus sinensis [11] have shown in vitro production of functional
sperm by the formation of testicular spheroids, but methodological details for spheroid
formation regarding culture method and media composition were not closely investigated.

Therefore, in this study, as a first step to establish a stable culture system for fish
testicular organoids, we evaluated the effects of various culture methods and media compo-
sitions on the formation of testicular aggregates in adult marine medaka (Oryzias dancena).
In order to accomplish this, we carried out the following;:

o  We first attempted to find an efficient way to prepare the dispersed testicular cells,
from which sperm cells were removed.

e Then, we evaluated their self-aggregation under the following three methods:
(1) Matrigel suspension, (2) 3-LGS, and (3) culturing into ULA.

e  Subsequently, the effects of media composition on size and number of testicular
aggregates were investigated to find optimal culture conditions.

e  Finally, we tested if this culture condition is able to produce fertilizable sperm from
the cultured testicular aggregates.

2. Materials and Methods
2.1. Fish

Marine medaka (O. dancena) were bred in the Laboratory of Cell Biotechnology, Puky-
ong National University (Busan, Republic of Korea). They were fed five times a day with
brine shrimp larvae (Artemia nauplius) and/or an artificial diet for flounder larvae (EWHA,
Busan, Republic of Korea). Water salinity and temperature were adjusted to 5 psu and
26 °C, respectively. Photoperiod was kept as 14 h light and 10 h dark during experiments.
The males of 3.2 to 3.5 cm in length were separated from females 3 days before the ex-
periments. All procedures dealing with animals complied with the guidelines provided
by Pukyong National University, and the Institutional Animal Care and Use Committee
(IACUC) of Pukyong National University approved our research proposal (approval No.
PKNUIACUC-2021-31).

2.2. Cell Culture Media

To induce testicular aggregates, two types of culture media including basic medium
(BM) and the modified ESM2 (mESM2) were used. BM was comprised of Leiboviz’s L15
Medium (L15; Gibco, Grand Island, NY, USA) supplemented with 10% (v/v) KnockOut™
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Serum Replacement (KSR; Gibco) and 1% penicillin and streptomycin (P/S; Gibco). ESM2
was originally developed for fish embryonic stem cell culture in a previous study [12], and
the formula of mESM2 was almost the same as ESM2, except for medaka embryo extract
(EE)-donor species and EE concentration. Briefly, it consisted of Dulbecco’s Modified
Eagle Medium (DMEM; Gibco) supplemented with 15% fetal bovine serum (FBS; Gibco),
20 mM hydroxyethyl piperazine ethane sulfonic acid (HEPES; Thermo Fisher Scientific,
Waltham, MA, USA), 1 mM non-essential amino acid (NEAA; Gibco), 1 mM sodium
pyruvate (Sp; Gibco), 2 nM sodium selenite (Ss; Sigma-Aldrich, St. Louis, MO, USA),
100 pM B-mercaptoethanol (BME; Gibco), 10 ng/mL human basic fibroblast growth factor
(bFGF; Gibco), 1% rainbow trout serum (FS; Caisson Laboratories, Inc., North Logan, UT,
USA), 50 ng/mL EE, and 1% P/S. EE was prepared from O. dancena embryos as described
previously [13].

2.3. Cell Isolation and Percoll Density Gradient Centrifugation

To determine the optimal trypsin-EDTA concentration for cell isolation from testis
tissues, testes were digested by different concentrations of trypsin-EDTA, and the number
and viability of the cells isolated were measured as follows. Adult O. dancena males were
anesthetized in 4 °C water for 5 min. Subsequently, they were immersed in 70% ethanol for
10 s for microbial decontamination, and their testes were extracted. The testes were washed
3 times in Dulbecco’s phosphate-buffered saline (DPBS; Gibco) containing 1% P/S and
transferred into 35 mm Petri dishes (SPL Life Science, Pocheon, Republic of Korea), in which
they were dissected by a surgical blade and digested by various concentrations (0.025%,
0.05%, 0.1%, and 0.2% (v/v)) of trypsin-EDTA (Gibco) for 1 h. After trypsin inactivation
by one volume of the media containing 10% FBS and 1% P/S, cell suspensions were
filtered by 40 pm cell strainers (Falcon, Corning, NY, USA), and the cells were harvested
by centrifugation (400x g, 5 min). After the cells were resuspended in 300 puL of media
containing 10% FBS and 1% P/S, the number of cells was counted by hemocytometer
(Marienfeld-Superior, Lauda-Konigshofen, Germany), and cell viability was measured
by trypan blue (Gibco) assay. After trypan blue staining, stained and non-stained cells
were regarded as dead and live cells, respectively, and the viability was presented as the
percentage of live cells. To remove sperm and spermatids from the isolated cell population,
Percoll density gradient centrifugation was performed. For this, cell suspension was loaded
onto the top of a discontinuous 5-step Percoll (Sigma-Aldrich) solution consisting of 1 mL
each of 20%, 30%, 40%, 50%, and 60% in 15 mL conical tubes (Falcon) and centrifuged
at 800x g for 30 min. The cells from each layer were harvested separately, and cellular
morphology was observed under an inverted microscope (Nikon, Eclipse TS100, Tokyo,
Japan). For the experiments regarding testicular aggregate formation, layers from the top
to the 50% point (1st to 4th layers in Figure 1B) were removed into 15 mL conical tube
containing 11 mL DPBS, and then the cells were harvested by centrifugation (400 x g for
10 min). The cells were resuspended in 1 mL DPBS and used for subsequent experiments.

2.4. Induction of Testicular Cell Aggregates

To induce the formation of testicular cell aggregates from the isolated cells, three
methods, which were previously reported, were used with slight modification: (1) Matrigel
(Corning, Corning, NY, USA) suspension method [8], (2) 3-LGS [7], and (3) method using
ULA (Corning), each wells of which are coated with hydrophilic hydrogels [9]. All Matrigel
used in these experiments was diluted by 1:1 ratio with L15. For Matrigel suspension
method, isolated testicular cells were suspended in 5 uL of Matrigel (final cell concentra-
tions: 1.25 x 10° cells/uL, 2.5 x 10° cells/uL, and 3.75 x 10° cells/uL). Cell suspension
was placed as 5 pL single drop on 35 mm cell culture dishes (SPL Life Science) or 35 mm
Petri dishes (SPL Life Science) and gelled for 20 min at 28 °C. After that, the dishes were
filled with 2 mL of BM. For Matrigel suspension method using agarose (SeaKem LE agarose;
Lonza, Rockland, ME, USA) gel stands to prevent seeded cells from adhering to the bottom
completely, agarose gel stands were prepared as follows. Distilled water containing 1.5%
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agarose was boiled and poured into a 100 mm Petri dish (SPL Life Sciences), and after its
gelation by cooling, agarose gel stand was made by cutting it into 10 mm (width) x 10 mm
(length) x 5 mm (height) in size. Agarose gel stands were used after being placed in a
35 mm Petri dish with 1.6 mL of BM overnight for the gels to hold media completely. Then,
5 uL Matrigel drops containing testicular cells were made on the agarose gel stands. Final
cell concentrations of Matrigel drops and gelling condition were the same as the above.
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Figure 1. Testicular cell isolation and sperm removal. (A) Total number of cells isolated from
testes and their viability according to different concentrations of trypsin-EDTA. Testicular cells were
isolated more effectively in 0.05% and 0.1% trypsin-EDTA solutions than in the others. No significant
difference was detected in cell viability among groups. All values are expressed as mean =+ standard
deviation of three independent experiments. 2" Different letters indicate significant differences
(p < 0.05). (B) A picture taken after Percoll density gradient centrifugation. (C) Pictures of isolated
testicular cells. Sperm and spermatids were almost observed in the 5th and 6th layers. Scale
bar =20 pm.

For 3-LGS, 3 Matrigel layers were constructed on the center of the insert membrane of
a 24-well hanging cell insert (Corning) placed upside down. First, 5 uL. Matrigel drop was
applied on the center of the insert membrane and gelled for 20 min at 28 °C. Next, 3 uL of
Matrigel containing the isolated testicular cells was placed as a drop on the first Matrigel
drop and gelled for 20 min at 28 °C. Finally, the previous two Matrigel drops were covered
with 8 uL of Matrigel and gelled for 20 min at 28 °C. Subsequently, a hanging cell insert
was inserted in a 24-well plate filled with 600 uL of BM, and the cells were cultured.

For the method using ULA, the isolated cells were suspended with 5 pL of Matrigel or
150 uL of BM and seeded into ULA (final cell concentration: 2.5 x 10° cells/pL). In case of
Matrigel suspension, it was gelled with same conditions described above, and then 150 pL
of BM was added. Culture of testicular cells under each method was performed for 14 days
at 28 °C in an incubator with air atmosphere, and culture media were changed every
three days. In ULA method, half of the medium was changed.

2.5. Measurement of Number, Size, and Viability of Testicular Aggregates

Testicular aggregates were collected from ULA and washed with 2 mL of DPBS
in a 35 mm Petri dish. Testicular aggregates were moved into 96-well plates (Thermo
Fisher Scientific), and pictures of all aggregates were captured for measurement of their
number and size. The number was counted visually on the pictures, and the size was
measured by TSView?7 software, Version 7 (Fuzhou Xintu Photonics Co., Ltd., Fuzhou,
Fujian, China). All testicular aggregates (30 to 60 aggregates, depending on experimental
group) were subjected to size measurement. The size was defined as the mean of the lengths
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(width and height of aggregate on the picture) and presented in pm. For measurement of
cell viability, collected testicular aggregates were moved in a 1.5 mL tube (Corning) and
digested by 500 pL of 0.05% (v/v) trypsin-EDTA for 30 min with pipetting every 10 min.
After that, trypsin-EDTA was inactivated by adding one volume of DMEM containing
10% (v/v) FBS and 1% (v/v) P/S, and the dispersed cells were collected by centrifugation
(400x g for 5 min). After resuspension of the cells with 500 pL of PBS, trypan blue assay was
performed as described above. Localization of live and dead cells in testicular aggregates
was analyzed using Live/Dead Viability / Cytotoxicity kit (Molecular Probes, Eugene, OR,
USA) following manufacturer’s instructions. After staining of testicular aggregates with
fluorescent dyes indicating live and dead cells (4 uM of ethidium homodimer-1 for live
and 2 uM of calcein AM for dead), localization of live and dead cells within testicular
aggregates was observed using a fluorescent microscope (Olympus, Hamburg, Germany).
For negative control, testicular aggregates were immersed in 70% ethanol for one hour and
stained by Live/Dead Viability /Cytotoxicity kit.

2.6. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the samples using RNeasy Micro Kit (Qiagen, Hilden,
Germany), and 100 ng of total RNA was treated with DNase I (Sigma-Aldrich) according
to manufacturer’s instructions. The cDNA was synthesized using GoScript TM reverse
transcription system (Promega, Madison, WI, USA). Subsequently, 1 ng of cDNA was
subjected to qRT-PCR using LightCycler® 480 SYBR Master (Roche Diagnostics, Mannheim,
Germany) according to manufacturer’s instructions. Primer sequences used in this study
were presented in Table 1. The qRT-PCR condition was as follows: initial denaturation
(94 °C for 3 min), 40 cycles of amplification (denaturation: 94 °C for 30 s; annealing:
60 °C for 30 s; and elongation: 72 °C for 30 s). The relative expressions of each gene
were calculated by 2744t method, where Ct = threshold cycle for target amplification,
ACt = Cttarget gene — Ctinternal reference (18s rRNA)~ and AACt = ACtsample — ACtcalibrator [14]-

Table 1. Primer sequences used in this study for qRT-PCR.

. ’ o ny Product Accession
Genes Primer Sequences (5 > 3') Size (bp) Number
Forward: AAACTACACCTGTCCCATCTG
nanos2 - Raverse: AACTTGTAGGAGGGCAGCATC 11 XM_036217407.1
scp3 Forward: CAGCTGCTAGCTTTGAGGAA 4 XM._024295185.2

Reverse: CTGAGAGAACTGCTGCATTG

Forward: GGAGAAGTGTCACTCCGACG
s0x94 Reverse: TTGTAGTCCGGACCCCTGAT 138 XM_024272555.2

Forward: TCCAGCTCCAATAGCGATTCACC

18s rRNA Reverse: AGAACCGGAGTCCTATTCCA

253 HM347347.1

2.7. Arifical Fertilization

Mature females of O. dancena were separated from mature males for a day. Mature
females were collapsed in cold ice water for 10 s. Subsequently, collapsed females were
placed on aluminum foil, and residual water from their bodies was absorbed by wiper
papers (KIMTECH, Seoul, Republic of Korea) to prevent unintended cortical reaction of
unfertilized eggs. After that, unfertilized eggs were collected by gently pushing on their
abdomens. Immediately, 30-50 unfertilized eggs were gently moved into 1.5 mL tubes
(Corning), and the suspension of testicular aggregates, which were harvested from three
wells of ULA (total volume: 450 uL), was added to the unfertilized eggs. After 10 min
at room temperature, artificially fertilized eggs were removed into 60 mm Petri dishes
containing 5 mL of autoclaved breeding water and cultured at 28 °C in an incubator at
air atmosphere. When the embryos developed to two-cell stage, they were transferred
into 24-well plates, individually, to prevent possible negative effects from unfertilized or
dead eggs. For negative control, unfertilized eggs were immersed in 450 puL of mESM2 for
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10 min and then cultured in the same conditions as mentioned above. To prepare fresh
sperms for artificial fertilization, an extracted testis was placed on IVF dish (SPL life science)
and chopped with a surgical blade (No. 20; Feather Safety Razor, Osaka, Japan). Then,
they were suspended with 450 puL. of mESM?2 and subjected to artificial fertilization in the
same conditions as mentioned above. In case of naturally fertilized embryos, they were
collected from the female gonopore after mating and fertilization and were cultured in the
same conditions above. Embryonic development was observed using a stereomicroscope
(SMZ745T; Nikon).

2.8. Statistical Analysis

SPSS program (SPSS Inc., Chicago, IL, USA) was used to analyze numerical data.
The data were analyzed by one-way ANOVA or t-test. When the data were analyzed by
one-way ANOVA, the data were followed by Duncan’s method. Significant differences
were determined when p values were less than 0.05.

3. Results
3.1. Testicular Cell Isolation and Removal of Sperm Cells

To determine the optimal trypsin-EDTA concentration for isolating testicular cells
from adult O. dancena testes, testes were digested under various concentrations of trypsin-
EDTA, and the number of cells that were isolated and their viabilities were measured and
compared to each other. The results showed that 0.05% and 0.1% trypsin-EDTA resulted in
significantly higher numbers of isolated cells compared to 0.025% and 0.2% trypsin-EDTA
(Figure 1A; 3.02 to 3.19 x 10° cells/mg vs. 1.70 to 2.02 x 10° cells/mg, p < 0.05). Cell
viability was measured as being above 89.9% in all experimental groups, and no significant
difference was observed among them (Figure 1A). Therefore, we confirmed that 0.05%
trypsin-EDTA was optimal to isolate testicular cells. Next, to remove sperm cells from
isolated testicular cells, the cells were separated by density gradient centrifugation using
a discontinuous five-step Percoll solution (Figure 1B), and the morphologies of the cells
from each layer were observed. As shown in Figure 1C, actively moving or moveless
sperms were almost entirely observed in the fifth and sixth layers, whereas they were not
observed in the other layers (first to fourth layers). For the following experiments, we used
the testicular cells collected from the first to fourth layers after Percoll density gradient
centrifugation of a total of the isolated testicular cells.

3.2. Effects of Culture Methods on the Formation of O. dancena Testicular Aggregates

To find an efficient method for self-aggregation of testicular cells, several different
3D culture methods were evaluated. For Matrigel suspension methods, Matrigel drops
containing testicular cells of three different densities (1.25, 2.5, and 3.75 x 10° cells/uL)
were placed on three different surface materials including two types of polystyrene (tissue-
culture-treated dish and Petri dish) and agarose gel stand, and after culturing for 14 days,
the formation of testicular aggregates was evaluated. In the methods using a polystyrene
surface, the isolated testicular cells started to congregate as small dots from the first day of
seeding. On day 14, spherical testicular aggregates were observed regardless of dish type
(Figure 2A). Progressive degradation of Matrigel drops was observed from day 3, but they
were not completely degraded up to day 14. This degradation phenomenon was accelerated
as cell concentrations were increased. Nevertheless, testicular aggregates were observed
with 80 to 100% efficiencies in every cell concentration on day 14 (Table 2). In most cases,
small multiple aggregates were formed, but large single aggregates were also observed in
several groups, including the 2.5 x 10° and 3.75 x 10° cells/ L cell concentration groups, in
a Petri dish (Figure 2A and Table 2). On the other hand, Matrigel suspension on agarose gel
stands could not induce testicular cells to aggregate (Table 2). In 3-LGS, only one trial of the
3.75 x 10° cells/ L concentration group could induce small multiple testicular aggregates
(Figure 2B and Table 2). In the method using ULA without Matrigel, 1.25 x 10° testicular
cells started to form aggregates on day 7, and then small multiple testicular aggregates were
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induced on day 14 in all trials (100% formation rate). Although a similar morphological
aspect for aggregate formation was also observed when Matrigel was added, the formation
rate of testicular aggregates was significantly decreased to 37.5% (Figure 2C and Table 2).

A B
Day 14
Day 0 Day 7 Day 14 Day 0 Day 7 Large single Small multlple Day 0 Day7 Day 14
1.25¢108 "| 1250105 SIS
cells/ul cellsipl [8
i i
2.50x105 o 2.50:10°
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-w\k
3.75x105 \ 3.75¢108
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Polystyrene (tissue culture-treated dish) Polystyrene (petri dish)
Matrigel suspension
Day 7 Day 14 Day 0 Day 7 Day 14
5
1.25¢10 2.50%10°
cellsiwell cells/yl

without Matrigel Matrigel-suspended

Ultra-low attachment 96 well plate

Figure 2. Evaluation of the formation of testicular aggregates depending on various methods.
(A) Morphology of testicular cells cultured for 14 days by Matrigel suspension. Matrigel drops were
made in tissue-culture-treated dishes and Petri dishes, respectively. (B) Morphology of testicular cells
cultured for 14 days by 3-layer gradient system (3-LGS). (C) Morphology of testicular cells cultured
for 14 days in ultra-low attachment 96-well plate (ULA). Isolated testicular cells were seeded in ULA
with or without Matrigel. Arrow heads indicate testicular aggregates. Scale bar = 500 um for all.

3.3. Effects of Media Types on the Number and Size of Testicular Aggregates Formed

To find more optimal culture media for the formation of testicular aggregates, the
effects of mESM?2 on the culture of testicular aggregates were investigated. For this, the
isolated testicular cells were cultured in the ULA for 14 days within BM or mESM2 and
then the morphology, number, and size of the aggregates were evaluated. Two morpho-
logically different aggregates, designated as hollow and compacted types, were observed
regardless of media types (Figure 3A). Hollow-type aggregates showed a spheroid shape,
but the inside was empty or had only a few testicular cells. Unlike this, compacted-type
aggregates did not show such empty space inside them, as they were filled with closely
packed testicular cells. Significant differences were observed in the rate of compacted-type
aggregates depending on media type. For aggregates cultured in BM, 43.7 4= 14.4% and
47.3 £ 4.4% were compacted type on day 7 and day 14, respectively. In contrast, 96.1 + 4.4%
and 99.2 & 1.5% aggregates were compacted type on day 7 and day 14, respectively, when
cultured in mESM2 (Figure 3B). No significant difference was observed in the total number
of aggregates formed according to media type on both day 7 and day 14 (Figure 3C). For
the size of aggregates, bigger size was observed in the aggregates cultured in mESM?2 than
those in BM on day 7, but the difference was not shown on day 14. Regardless of media
type, the sizes of aggregates were significantly increased on day 14 compared to day 7 of
culture (Figure 3D).
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Table 2. Aggregate formation from Oryzias dancena dispersed testicular cells by different culture
methods and surface materials.

No. (%) P of

Matrigel + Suspended  Final No. No. (%) 2
Culture Surface Cell Drop Cell Con- of Cells No. of of Aggregate Type
Methods Materials Volume centration Seeded Trials Aggregate Large Small
(uL) (Cells/uL) (Cells) Formation  Single  Multiple
Polystyrene 5 5
Matrigel (tissue-culture- 1.25 x 105 6.25 x 106 5 4 (80) 0(0) 4 (100)
suspension treated 5 2.50 x 10 1.25 x 10 3 3 (100) 0(0) 3 (100)
dish) 3.75 x 10°  1.875 x 100 3 3 (100) 0 (0) 3 (100)
. 125 x 10°  6.25 x 10° 5 5 (100) 0(0) 5 (100)
Sxagfgn lzggfzr;ﬁf 5 250 x 105 1.25 x 106 10 10(100)  2(20) 8 (80)
P 3.75 x 10°  1.875 x 100 5 5 (100) 2 (40) 3 (60)
. 125 x 10°  6.25 x 10° 4 0(0) 0(0) 0 (0)
Matrigel Agarose gel 5 250 x 105 1.25 x 106 4 0(0) 0(0) 0(0)
suspension 5 5
375 x 10°  1.875 x 10 3 0(0) 0(0) 0(0)
Three-layer 125 x 10°  3.75 x 10° 4 0(0) 0(0) 0(0)
gradient Matrigel 3 2.50 x 10° 7.5 x 10° 4 0 (0) 0 (0) 0 (0)
system 3.75 x 10°  1.125 x 100 3 1(33.3) 0 (0) 1 (100)
Ultra-low - - 1.25 x 10° 5 5 (100) 0(0) 5 (100)
attachment Hydrophilic gel
96-well plate 5 250 x 10°  1.25 x 10° 8 3 (37.5) 0 (0) 3 (100)

2 Percentage of number of trials. ® Percentage of number of aggregate formations.
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Figure 3. Evaluation of media types for the formation of testicular aggregates. (A) Representative
images of hollow type or compacted type of testicular aggregates. Scale bar = 100 um. (B) Percentages
of compacted testicular aggregates cultured in BM or mESM2 at 7 days and 14 days. (C) Numbers of
induced testicular aggregates cultured in BM or mESM2 at 7 days and 14 days. (D) Sizes of induced
testicular aggregates cultured in BM or mESM2 at 7 days and 14 days. All values are expressed as
mean + standard deviation of three or four independent experiments. 2°¢ Different letters indicate
significant differences (p < 0.05).
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3.4. Effects of the Composition of mESM2 on the Culture of Testicular Aggregates: Part I

mESM2 was composed of various types of supplements. For the test of the effects of
such supplements on testicular aggregate culture, in this study, we divided the supplements
of mESM?2 into two categories: protein-containing supplements (including FBS, FS, bFGE,
and EE) and non-protein supplements (including BME, NEAA, Ss, and Sp). At first, to
evaluate the effects of protein-containing supplements, testicular cells were cultured in
ULA for 14 days under nine different media (mESM2 as a control group and eight mESM2
derivatives as the treatment groups, from which single or multiple protein-containing
supplements were excluded), and the morphology, number, and size of the aggregates were
compared to each other. The results showed that the media without FBS did not induce the
formation of testicular aggregates, unlike the other media which did induce it. As shown
in Figure 4A, the testicular aggregates showed compacted type, and the adhesion of two
or more aggregates was occasionally observed regardless of media type. No significant
difference was observed in the number of aggregates formed among eight media including
mESM2 and mESM2 derivatives that removed FS, bFGF, and/or EE (Figure 4B). For the
size of aggregates, similar size was observed among eight media groups without statistical
difference (Figure 4C).
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Figure 4. Effects of protein supplements in mESM2 on number and size of testicular aggregates.
The size and numbers of testicular aggregates were measured on day 14 after the isolated testicular
cells were cultured in ULA with mESM2 in which single or combinations of protein supplements
were excluded. (A) Morphology of testicular aggregates cultured in each type of mESM2 media.
Arrow heads indicate the testicular aggregates where two or more aggregates stick together. Scale
bar = 100 um. (B) The number of testicular aggregates cultured in each media. (C) The size of
testicular aggregates cultured in each media. FBS: fetal bovine serum; FS: fish serum; bFGF: basic
fibroblast growth factor; EE: embryo extract. All values are expressed as mean =+ standard deviation
of three independent experiments at least. * Asterisk indicates significant differences (p < 0.05).

To further evaluate the role of FS, bFGEF, and EE in testicular aggregate culture, the
isolated testicular cells were additionally cultured in mESM2 and mESM2-FS-bFGEF-EE for
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14 days, and the viability and gene expression of the testicular aggregates were measured
and compared to each other. As shown in Figure 5A, regardless of media type, most cells
comprising testicular aggregates were live, as indicated with green fluorescence staining,
and only a few cells inside of it were dead (red fluorescence). When quantitative assessment
using trypan blue assay was performed, high viability was observed in both groups without
significant difference (Figure 5B; 90.66 £ 0.63% in mESM2 vs. 91.08 £ 1.12% in mESM2-
FS-bFGF-EE). Then, the testicular aggregates were subjected to qRT-PCR to analyze the
mRNA expression levels of three genes including nanos2 (spermatogonia-specific), scp3
(mid-meiotic-germ-cells-specific), and sox9a (testicular-somatic-cells-specific). As shown in
Figure 5C, no significant difference was detected in nanos2 mRNA expression between the
two groups. However, the expression levels of scp3 and sox9a were significantly higher in
the testicular aggregates cultured in mESM?2 than the ones in mESM2-FS-bFGF-EE (2.68
and 2.14 folds in scp3 and sox9a, respectively). These results indicated that FS, bFGF, and
EE promoted germ cell differentiation and influenced somatic cell function within the
testicular aggregates even though they did not influence the number and size of testicular
aggregates in culture.
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Figure 5. Effects of FS, bFGF, and EE on the viability and gene expression of testicular aggregates
formed. Testicular aggregates were induced in ULA with mESM2 or mESM2-FS-bFGEF-EE culture
media for 14 days, and then viability and relative mRNA expression levels were compared between
testicular aggregates cultured in each media. (A,B) Viability of testicular aggregates. Live/dead
staining (A) and trypan blue assay (B) were performed to visualize and compare the viability of the
cells comprising testicular aggregates cultured in each media. No significant difference was observed
between the two groups. Scale bar = 100 um. (C) Relative mRNA expression of nanos2, scp3, and
sox9a. All values are expressed as mean =+ standard deviation of three independent experiments.
ab Djfferent letters indicate significant differences (p < 0.05).

3.5. Effects of the Composition of mESM2 on the Culture of Testicular Aggregates: Part 11

Subsequently, we evaluated the effects of non-protein supplements in mESM?2 on the
number and size of the testicular aggregates formed. For this, 15 experimental groups were
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set up by culturing the isolated testicular cells in 15 mESM?2 derivatives from which one
or more non-protein supplements were removed. In the results, spherical and compacted
aggregates with occasional adhesion between them were observed in all experimental
groups. However, all experimental groups showed significant decreases in the number of
aggregates formed compared to the control group, where the testicular cells were cultured
in mESM2 (Figure 6A). When all non-protein supplements were removed, the smallest
value in aggregate number was observed. These results indicated that all non-protein
supplements in mESM2 could contribute to the formation of testicular aggregates. For
the size of aggregates formed, several experimental groups including -BME, -BME-NEAA,
-BME-Sp, -BME-Ss, -BME-NEAA-Sp, -BME-NEAA-Ss, -NEAA-Sp-Ss, -BME-Sp-Ss, and
-BME-NEAA-Sp-5Ss showed significant decreases in size compared to the control group,
while the other groups were not significantly different from the control group (Figure 6B).
Interestingly, whether it was single or with other non-protein supplements, the removal
of BME significantly affected size reduction in the aggregates. However, sole treatment of
BME without other non-protein supplements did not rescue the aggregate size, while dual
and triple treatments with other non-protein supplements did. These implied that BME
might influence aggregate size through synergistic action with other supplements.
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Figure 6. Evaluation of the effects of non-protein supplements in mESM2 on the number and the
size of testicular aggregates. (A) The numbers of testicular aggregates formed in mESM2 and its
derivatives from which single or multiple non-protein supplements were excluded. (B) The sizes of
testicular aggregates cultured in mESM2 and its derivatives. BME: beta-mercaptoethanol; NEAA:
non-essential amino acid; Sp: sodium pyruvate; Ss: sodium selenite. All values are expressed as mean
+ standard deviation of three independent experiments. 2°°df8 Different letters indicate significant
differences (p < 0.05).

3.6. Evaluation of Fertility of the Sperms Derived from Testicular Aggregates

When the testicular aggregates were cultured for 14 days, numerous motile sperms
were observed around testicular aggregates. To verify the fertility of those sperms, in vitro
fertilization was performed. As shown in Table 3, when 276 unfertilized eggs were sub-
jected to artificial fertilization with testicular-aggregate-derived sperms, 122 (44.2%) eggs
developed up to a one-cell-stage embryo, but only four (1.4% of the total eggs treated)
embryos reached the hatchling stage. In contrast to this, when fresh sperms were used for
artificial fertilization, 107 (59.4%) out of 180 eggs developed up to a one-cell-stage embryo,
and 78 (43.3% of the total eggs treated) embryos reached the hatchling stage. In case of
natural fertilization, 124 (82.7%) out of 150 eggs developed up to a one-cell-stage embryo,
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and 111 (74.0% of the total eggs treated) embryos were hatched. As a negative control,
unfertilized eggs did not develop past the one-cell stage. In all hatched larvae, regardless
of treatment groups, morphological abnormalities were not observed (Figure 7).

Table 3. The results of the fertility test, depending on fertilization method.

No. (%) 2 of No. (%)?of No. (%)?of No. (%)?2of
No. of

Fertilization Method Eeos One-Cell Two-Cell Blastula Hatched
88 Stage Stage Stage Larvae
Natural fertilization by 5 124 (827)  124(827)  114(760) 111 (74.0)
mating
Artificial fertilization
with fresh sperm 180 107 (59.4) 81 (45.0) 80 (44.4) 78 (43.3)
Artificial fertilization
with aggregate-derived 276 122 (44.2) 6(2.2) 4(1.4) 4(1.4)
sperm
Unfertilization 103 51 (49.5) 0(0) 0(0) 0 (0)
2 Percentage of number of eggs.
Two cell stage Blastula stage Hatching

Natural
fertilization

Atrtificial fertilization
with fresh sperm

Atrtificial fertilization
with testicular aggregate-
derived sperm

Figure 7. Representative images of O. dancena embryos derived from natural fertilization and artificial
fertilization with fresh sperm or with testicular-aggregate-derived sperm. Scale bar = 500 pum.

4. Discussion

In this study, we evaluated the effects of culture methods and media compositions
on the culture of marine medaka (O. dancena) testicular aggregates to find the optimal
culture conditions.

In previous studies regarding the development of testicular organoid culture systems
in mammals, testicular organoids were formed from the self-aggregation of testicular cells
derived from immature male testes [7,9,15]. Alves-Lopes et al. explained that the high
proportion of Sertoli cells within immature testes might influence the formation of testicular
organoids [7]. Similarly, the testicular cells isolated from adult mice could form spheroids
when they are mixed with immature somatic cells [15]. Coincident with these reports, fish
testicular spheroids were made by using testicular cells derived from immature fish or fish
during non-spawning season, of which the ratio of Sertoli cells/germ cells is high, in the
study of teleost Gnathopogon caerulescens [10].

O. dancena has several advantages as an experimental animal model. For example,
they have features like being easy to breed at lab scale, short generation time, and small
genome size [16]. Moreover, O. dancena is a euryhaline fish, which can be used to investigate
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marine ecotoxicology [16]. Based on these advantages, this fish has been used for various
cell culture studies such as the establishment of embryonic stem cells [17-19] and a whole
testis organ culture [20,21]. Nevertheless, this fish has some defects as a fish model to
study testicular aggregates, in spite of its reputation as a good experimental fish model [22].
The first thing is that the use of immature testes is restricted due to their small size. The
recorded time to first spawning is 9 weeks from hatching, and at that time, their body
length is known to be 22.58 £ 2.73 mm [23]. The isolation of testes in fish less than
22.58 & 2.73 mm in length is technically very hard, which actually hampers their use.
Furthermore, as daily spawning fish, O. dancena does not have a non-spawning season.
To overcome these limitations, we introduced Percoll density gradient centrifugation to
increase the ratio of Sertoli cells/germ cells of testicular cell populations derived from adult
male O. dancena. Percoll density gradient centrifugation has been used to separate various
cell types of testicular cell populations from mammals [24-26]. Moreover, the method has
also been utilized to separate spermatogonia and/or somatic cells from fish testicular cell
populations (four-eyed sleeper (Bostrychus sinensis) [11]; tench (Tinca tinca) [27]; Nile tilapia
(Oreochromis niloticus) [28]). In the present study, application of Percoll density gradient
centrifugation successfully separated sperm and spermatids from O. dancena testicular
cell populations, which resultantly increased the ratio of Sertoli cells/germ cells. On the
basis of our results that testicular cell populations containing sperm and spermatids did
not form the aggregates in culture, this removal procedure of sperm and spermatids that
increased the ratio of Sertoli cells/germ cells certainly contributed to the formation of
testicular aggregates in this study.

Subsequently, we evaluated the effects of cultured methods on the formation of
testicular aggregates. In previous studies, testicular aggregates could be formed with or
without Matrigel in mammals including rats [7], humans [29], pigs [9], and bovines [30].
Thus, we evaluated three Matrigel-based methods including Matrigel suspension, 3-LGS,
and culturing in ULA with Matrigel as well as a Matrigel-free method of culturing in ULA
without Matrigel on the formation of the testicular aggregates. In the case of two approaches
using 3-LGS and Matrigel suspension on agarose gel stands, little or no aggregate formation
was observed, unlike previous studies in mammals [7,9], indicating that these methods
were not proper in teleost O. dancena. In the Matrigel suspension method on agarose gel
stands, we observed that the Matrigel solution containing testicular cells spread widely
by making contact with hydrophilic agarose gel. It is presumed that this increased the
physical distance between cells and eventually hindered the aggregate’s formation. On the
other hand, testicular aggregate formation was observed with high probability (80-100%)
in Matrigel suspension on polystyrene regardless of the tissue culture treated. However,
this method showed several drawbacks in this application. First, it was observed that a lot
of testicular cells were adhered to the plate’s bottom during culturing. It has been known
that testicular somatic cells show relatively strong adherence to substrate compared with
germline stem cells, which show loose adherence [31]. Therefore, most of the adhered cells
would be the testicular somatic cells, indicating that this method restricted the contribution
of testicular somatic cells in aggregate formation. Second, rapid Matrigel degradation
was observed in this method. Matrigel began to degrade from day 3 of culture, and
floating Matrigel fragments containing testicular cells were frequently observed in the
culture media. This must have prevented many cells from participating in the formation
of aggregates. Regarding different forms (large single and small multiple) of aggregate
formation, the most likely reason is that testicular somatic cells contributed to aggregate
formation differently according to the surface materials. Since a large number of testicular
somatic cells adhered to tissue-culture-treated dishes, the contribution of somatic cells to
aggregate formation would have been relatively low. In contrast, there was less adhesion
of testicular somatic cells to the Petri dish, and more somatic cells would have contributed
to aggregate formation. It is presumed that this difference may have influenced different
forms of aggregates. To overcome the limitation of using Matrigel suspension methods,
we tried to use ULA to induce the formation of testicular aggregates. Because ULAs have
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U-shaped bottoms at which the seeded cells can be gathered together, we expected that
the testicular cells seeded could fully contribute to the formation of aggregates during
culture. In the results, testicular aggregates were observed on day 7 with high probability
(100%), and they grew significantly until day 14 without using Matrigel. These results
confirmed that the method using ULA was most appropriate among the ones that we tested
for culturing O. dancena testicular aggregates.

Previously, testicular organoid culture was usually performed using basal media
supplemented with KSR like BM [7,32,33]. However, in fish, ESM2 and its modified forms
were usually used to culture fish embryonic stem cells [34-36] and medaka spermatogonial
stem cell lines [37]. Therefore, the effects of BM and mESM2 on the morphology, number,
and size of testicular aggregates were compared in this study. Interestingly, a vast majority
of aggregates were of the compacted type when cultured in mESM2, while more than half
were hollow-type aggregates when cultured in BM. Although the reason why hollow-type
aggregates were formed in BM was not clear, these results confirmed that mESM2 was
more optimal than BM for the culture of O. dancena testicular aggregates. Furthermore,
this result raised the necessity of unmasking the influences of various supplements within
mESM?2. In the evaluation of the effects of protein-containing supplements (FBS, FS, bFGF,
and EE), the results showed that the others, except FBS, did not affect the number and size
of testicular aggregates. However, the removal of FS, bFGF, and EE induced significant
decreases in scp3 and sox9a expression in the testicular aggregates formed. Generally, scp3
is a marker of germ cells undergoing meiosis [21], and sox9b (amino acid sequence identity
98.32% with O. dancena sox9a) is a marker of testicular somatic cells surrounding germ cells
in Japanese medaka, O. latipes [38]. Therefore, a decrease in mRNA expression of scp3 and
sox9a after removal of FS, bFGEF, and EE implies that these three factors might play a key
role for germ cell differentiation and functional maintenance of testicular somatic cells in
the testicular aggregates. Collectively, FS, bFGF, and EE in mESM2 seem to be essential in
current culture conditions, even though the exact role of each factor needs to be verified.
Especially, the functions of bFGF for the growth and/or differentiation of spermatogonial
stem cells [39-41] and Sertoli cells [42] have been well known. Thus, a single effect of bFGF
on the culture of O. dancena testicular aggregates needs to be preferentially addressed in
further studies.

From the results of evaluating non-protein supplements (BME, NEAA, Sp, and Ss),
it was demonstrated that the sizes of testicular aggregates were significantly decreased
when BME was excluded from mESM2, whether it was single or with other non-protein
supplements. BME is a commonly used additive which enhances cell survival and growth
by reducing the concentration of reactive oxygen species and helps protein synthesis by
increasing cell uptake of cytokine [43]. In murine, it has been reported that BME has
positive effects on the proliferation of leukemia, lymphoma cells [44], and spleen cells [45].
In the case of teleosts, Higaki et al. demonstrated that BME is one of the factors for long-
term culture of testicular and ovarian cell lines from G. caerulescens [46]. Therefore, our
results indicate that oxidative stress might be one of the critical factors to decide the size of
O. dancena testicular aggregates in this culture environment. However, we found that sole
treatment of BME did not rescue the sizes of testicular aggregates, whereas dual and triple
treatments with other non-protein supplements did. This implies that BME might work
synergistically with other non-protein supplements. The exact action mechanism needs to
be solved.

From this study, we identified that this culture system was able to produce fertile
sperms from cultured testicular aggregates. Considering that the time that fish sperm is
motile is short, from 30 s to 5 min depending on species [47], the appearance of motile
sperms after culture for 14 days indicated that they were apparently derived from the
cultured testicular aggregates. However, the ratio of reaching the hatching stage af-
ter artificial fertilization with aggregate-derived sperms was very low at 1.4% (4 out of
276 eggs), indicating that the addition of any specific conditions in the culture environment
is required to produce more functional sperms. In previous studies about adult B. sinensis
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(spawning season) and adult G. caerulescens (non-spawning season), in vitro differentiated
sperms from testicular aggregates showed hatching rates of 26.9 £ 4.1% and 21.7 & 12.8%
after fertilization, respectively [10,11]. In those studies, culture media contained various
types of sex hormones, and among those, 11-ketotestosterone (11-KT) has been known as
the essential factor for spermatogonia differentiation in several fish including eel (Anguilla
japonica) [48], African catfish (Clarias gariepinus) [49], and zebrafish (Danio rerio) [50]. Addi-
tionally, the use of follicle-stimulating hormone (FSH) was also reported to promote the
germline cell differentiation process [51]. In fact, 11-KT is stimulated by FSH. Therefore,
additional challenges utilizing various sex hormones (especially 11-KT and FSH) should
be performed for achieving stable in vitro spermatogenesis through testicular aggregate
culture. Furthermore, this will contribute to the comprehensive understanding of the role
of sex hormones in fish spermatogenesis, eventually leading to the development of fish
reproductive biotechnology.

5. Conclusions

We successfully established and optimized a culture method and media composition
for cultivating testicular aggregates from adult O. dancena by evaluating aggregate forma-
tion conditions and measuring aggregate size and number depending on media conditions.
Testicular aggregates, cultured in this system for 14 days, showed high viability, maintained
nanos2, scp3, and sox9a mRNA expressions, and produced fertilizable sperms. The results
from this study will provide useful information for further studies regarding the testicular
organoid culture of teleosts and contribute to advances in research about the in vitro sper-
matogenesis of teleosts. Ultimately, the establishment of stable fish testicular organoids
will lead to the introduction of new directions for fish reproduction and biotechnology
in aquaculture and contribute to the conservation of critically endangered fish species.
Further studies should be performed to explore the practical applications of fish testicular
organoids for aquaculture and species conservation after completion of basic research and
development regarding in vitro culture technology.
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