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Abstract

Mouse spermatogenesis, from spermatogonial stem cell proliferation to sperm formation,

can be reproduced in vitro by culturing testis tissue masses of neonatal mice. However, it

remains to be determined whether this method is also applicable when testis tissues are fur-

ther divided into tiny fragments, such as segments of the seminiferous tubule (ST), a mini-

mal anatomical unit for spermatogenesis. In this study, we investigated this issue using the

testis of an Acrosin-GFP/Histone H3.3-mCherry (Acr/H3) double-transgenic mouse and

monitored the expression of GFP and mCherry as indicators of spermatogenic progression.

Initially, we noticed that the cut and isolated stretches of ST shrunk rapidly and conglomer-

ated. We therefore maintained the isolation of STs in two ways: segmental isolation without

truncation or embedding in soft agarose. In both cases, GFP expression was observed by

fluorescence microscopy. By whole-mount immunochemical staining, meiotic spermato-

cytes and round and elongating spermatids were identified as Sycp3-, crescent-form GFP-,

and mCherry-positive cells, respectively. Although the efficiency was significantly lower

than that with tissue mass culture, we clearly showed that spermatogenesis can be induced

up to the elongating spermatid stage even when the STs were cut into short segments and

cultured in isolation. In addition, we demonstrated that lowered oxygen tension was favor-

able for spermatogenesis both for meiotic progression and for producing elongating sperma-

tids in isolated STs. Culturing isolated STs rather than tissue masses is advantageous for

explicitly assessing the various environmental parameters that influence the progression of

spermatogenesis.
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Introduction

Most organs can be divided into smaller anatomical subunits that can be regarded as a mini-

mal functional unit. These functional units derived from particular organs can be maintained

in culture as explants for a certain period of time. Organoids, which are self-organizing sys-

tems of stem cells and their progeny cells, are in many cases composed of such functional

units, providing a useful tool for biomedical research [1].

Spermatogenesis takes place in the seminiferous tubules (STs), which are anatomical struc-

tures consisting of Sertoli cells on the inside, peritubular myoid cells on the outside, and basal

lamina between them. Several different types of cells outside STs, collectively called interstitial

cells, also play important roles in controlling spermatogenesis [2]. Approximately 11 STs are

packed inside a testis of an adult mouse, and the individual STs have an average length of 140

mm [3]. Therefore, the functional minimum unit of the testis is presumed to be an ST segment

of certain length with germ cells inside and interstitial cells around.

In 2011, we developed a culture system that reproduced the complete process of spermato-

genesis, from spermatogonial stem cell proliferation to sperm formation, in an explanted

mouse testis tissue. Offspring were obtained by micro-insemination with the haploid cells pro-

duced in the explants [4]. The explanted testis tissue pieces were about 1 mm3 or larger in size

and consisted of numbers of the functional units. In experimental systems, manipulating a sin-

gle or a small number of functional units could serve to clarify the mechanistic details of physi-

ological phenomena and pathological disorders. Namely, interactions between functional

units as well as between a unit and the cells surrounding it could be examined experimentally.

However, it has proven quite difficult to dissect the functional unit of spermatogenesis. In fact,

only a few studies have reported the use of isolated segments of STs to promote or maintain

spermatogenesis in culture. Some of these studies, using the testis of adult rats of 60 to 120

days of age, demonstrated the progression of a limited span of spermatogenesis lasting for sev-

eral days [5–7]. Another recent study showed the progression of spermatogenesis for 40 days

using a culture of STs in soft agar [8]. On the other hand, other investigations have tried to

reconstruct testis tissue architecture from singly isolated testicular cells. These studies showed

different extents of successful spermatogenesis [9–11]. Based on these previous studies and our

tissue mass culture experience, we expected that spermatogenesis in an isolated ST would be

possible.

However, our early attempts were hampered by the stubborn nature of the STs themselves,

which contracted and shrunk rapidly upon culturing. We overcame this problem using two

methods and demonstrated that the isolated STs could support spermatogenesis up to the

stage of elongating spermatids. This result showed experimentally for the first time that a lim-

ited ST segment can be a functional unit for spermatogenesis. In addition, using this method,

we demonstrated that spermatogenesis in the isolated STs responded sensitively to oxygen

concentration. This was not fully demonstrated in previous studies culturing tissue masses.

The ST culture method, therefore, is useful for investigating various factors and conditions

that influence the progression and maintenance of spermatogenesis.

Materials and methods

Animals

Acrosin (Acr)-GFP transgenic mice [12, 13] (genetic background: ICR, C57BL/6, and their

mixture) were provided by RIKEN BRC through the National Bio-Resource Project of MEXT,

Japan. Histone H3.3-mCherry (H3) transgenic mice [14] were provided by Makino & Okada.

Acr-GFP/Histone H3.3.3-mCherry double (Acr/H3) transgenic mice were generated by
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crossing an Acr-GFP homogeneous female mouse with an H3 homogeneous male mouse.

Mice aged 1–7 days postpartum (dpp) were euthanized by an anesthetic overdose using a

medetomidine/midazolam/butorphanol (0.3/4/5) cocktail. Their testes were then collected.

Mice were housed in specific pathogen-free, air-conditioned rooms at 24±1˚C and 55±5%,

with a 13-h light/11-h dark lighting cycle. They were fed ad libitum with commercially avail-

able hard pellets (MF; Oriental Yeast). Drinking water was acidified to pH 2.8–3.0 by HCl. All

animal experiments were performed in accordance with the Guidelines for Proper Conduct of

Animal Experiments (Science Council of Japan) and were approved by the Institutional Com-

mittee of Laboratory Animal Experimentation (Animal Research Center of Yokohama City

University; protocol no. F-A-20-038).

Culture media and reagents

The culture medium used was α-minimum essential medium (α-MEM) (12000–022; Gibco)

supplemented with AlbuMAX I (11020–021; Thermo Fisher Scientific) at a final concentration

of 40 mg/mL. NaHCO3 (7%) was then added (0.026 ml/ml medium) to achieve a final concen-

tration of 1.82 g/L (0.0182 g for 10 ml of medium). Antibiotic-antimycotic (15240062; Thermo

Fisher Scientific) was added at a 1/100 volume to achieve a final concentration of 100 IU/mL

for penicillin, 100 μg/mL for streptomycin, and 250 ng/mL for amphotericin. Sterilization was

performed with Millipore filtration and followed by storage in a refrigerator before use.

Agarose gel preparation

To make the agarose gel block for organ culture, agarose powder (Dojindo Molecular Technol-

ogies) was dissolved in water purified with Milli-Q (35–1251; Merck) at 1.5% (w/v) and auto-

claved. While cooling, 33 mL of the agarose solution was poured into 10 cm dishes to form a 5

mm thick gel. The gel was cut into squares of approximately 10 × 10 mm size and these were

used as a stand for testis tissue placement. The gel blocks were submerged in the culture

medium in 12-well culture plates for more than 6 h before use. Testes tissue fragments or iso-

lated STs were transferred to the surface of agarose gel blocks, the lower half of which were

soaked in 0.5 mL medium in individual wells. A medium change was performed once a week.

The culture incubator was supplied with 5% carbon dioxide in air (20% O2), unless otherwise

described in the text, and maintained at 34˚C.

PDMS ceiling chip

The PDMS (polydimethyl-siloxane) ceiling (PC) chip was fabricated by conventional photoli-

thography and soft lithography methods [15]. The PC chip was produced by mixing PDMS

prepolymer and curing reagent (Silpot 184; Dow Corning) at a 10:1 weight ratio. The mixture

was poured into a mold master made by the photolithography method, and the mold master

was placed in a vacuum chamber for degassing. After 30–45 min, the mold master was moved

to an oven and baked for 2 h at 70˚C. After cooling down, the solidified PDMS was peeled off

from the master and this PDMS disk was cut into individual chips with a cutting knife. The

thickness of the chips was dependent on the amount of PDMS mixture poured in. The depth

of dent, the tissue setting area, ranged from 150 μm to 190 μm depending on the mold [16].

The modified PC chip, named the STPC chip, had a row of pillars in the tissue set region. The

pillars were 0.1 mm wide squares, equal in height to the depth of the set region (150–190 μm),

and arranged in straight rows at 0.1 mm intervals (Fig 1D). A thin PDMS membrane (75 μm

thick, ASAHI Rubber Inc.) was used in some cases for pressing testis tissues against the base

agarose gel by placing them under the PDMS ceiling to hold the tissue in place.
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Fig 1. Culturing of isolated ST segments. (A) According to an air-liquid interphase method, cut-isolated STs of a 5

dpp mouse were placed on an agarose gel block half-soaked in the medium. The STs shrunk and conglomerated in a

day. (B) Schematic diagram of a PC chip, top and cross-sectional views, and photos of a PC chip. The depth of dent for

accommodating culture samples was between 150 and 190 μm. (C) A schematic drawing of a culture experiment using

a PC chip, and a stereomicroscopic view of a cut-isolated ST of a 5 dpp mouse covered with a PC chip. The ST shrunk

in several days. Another cut-isolated ST cultured under a PC chip conglomerated but showed GFP expression on

culture day 16. (D) A schematic drawing of a culture experiment using STPC, and a schematic diagram of a STPC chip,

top and cross-sectional views. The size of each pillar was 0.1 × 0.1 mm. Four parallel pillar rows made of 11 pillars each

were arranged in the center of the tissue space. The depth of the tissue space ranged from 150 to 190 μm. A photo of an

STPC chip from above is shown in the bottom pannel. (E) Stereomicroscopic view of an uncut-isolated ST cultured

under an STPC chip on days 1, 5, and 13. The dashed rectangular area is enlarged in the bottom two panels.

Fluorescence microscopy revealed Acr-GFP expression in the stretched portion of the ST. (F) A photo of the GFP-

expressing portion of three uncut-isolated STs, taken on culture day 13. The percentages of GFP-expressing area were

visually measured as 60%, 10%, and 80%, respectively. (G) The percentages of GFP-positive area in the samples of three

ST states: cut-isolated STs, uncut-isolated STs, and tissue mass. Samples with GFP-expressing areas over 10% (green

bar) and 50% (red bar) during culture days 31 to 40 were counted as GFP-positive. Numerators and denominators in

or over each bar are the numbers of GFP-positive tissue samples and total examined tissue samples, respectively. The

experiments were performed under a 20% O2 concentration. **P<0.01. Scale bars: 5 mm (B), 2 mm (D), 0.5 mm (A, C,

E).

https://doi.org/10.1371/journal.pone.0283773.g001
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Culture methods–PDMS ceiling (PC) method

The testes of mice were decapsulated—i.e., the capsule (tunica albuginea) was removed by for-

ceps. The remaining tissue mass was mostly composed of seminiferous tubules, which lightly

adhered to each other via the intervening microvasculature. Each testis tissue was gently sepa-

rated into 6–8 pieces with forceps. For tissue mass culture, these clamps were simply placed on

the agarose gel block. For the culture of isolated STs, the testis tissue mass was soaked in the

medium to loosen and disperse the STs. The STs were then gently separated with forceps and

cut with spring scissors as needed, depending on the desired state of the STs. These STs in the

medium were sucked up with a micropipette and poured in the hollow space of a PC chip (Fig

1B). The PC chip was then inverted and placed on an agarose gel. In case of the uncut-isolated

ST method—i.e., to separate the STs without cutting—the tissue mass was placed in the hollow

portion of the STPC chip (Fig 1D). Forceps were used to gently dissociate the tissue mass into

STs, and then to isolate an ST segment with both ends connected to the tissue mass so that the

ST segment would fit between the pillar rows. The STPC chip was then inverted and set on an

agarose gel.

Culture methods—Soft agarose method

After preparing cut-isolated STs in the culture medium, an equivalent volume of low melting

point Agarose-L (319–01181; Nippon Gene) solution (1% w/v) was added and gently mixed.

After cooling down at 4˚C for about 15 min, the soft agarose gel containing the cut-isolated

STs was cut into squares of 8 × 8 mm size and laid on a 1.5% agarose gel block (base gel).

Medium was poured to half the height of the gel block (S3 Fig, Method A in S1 File and S1

Video). The PDMS ceiling chip was optional but was used in many cases. As an alternative

approach, we adopted the protocol of a soft agar culture system from a previous study [8]. In

brief, the soft agarose (0.5% w/v) containing the cut-isolated STs was poured onto the solid

bottom gel layer. To make the bottom gel layer, 1.5% agarose solution was poured into 5 cm or

3 cm dishes. After cooling down and solidification, in order to replace the water in the gel with

medium, an identical volume of culture medium was added to the dish and left for more than

6 h until use. The dish with its 2 layers of gel was left at 4˚C for about 15 min until the soft agar

layer became solid. The upper soft gel layer was adjusted to a thickness of around 0.4 mm

(exactly 0.395, 0.443, 0.435, 0.220, and 0.361 mm when measured). Then the two-layer agarose

gel was cut into squares of about 10 × 10 mm size, each of which was moved to a well in a

12-well plate with 0.5 mL medium in each well (S3 Fig, Method B in S1 File and S1 Video).

Medium change was performed once a week. The culture incubator was supplied with 5% car-

bon dioxide in air and maintained at 34˚C.

Observations

Cultured tissues and ST segments were observed at least once a week under a stereomicroscope

equipped with an excitation light for GFP (LeicaM205 FA; Leica, Germany). Acr-GFP begins

to be expressed in mice at around 15 dpp in vivo, but its expression could be delayed by several

days in vitro. In addition, GFP emission can fluctuate at intervals of several days. Therefore, to

avoid false-negative results, GFP positivity was not necessarily determined on a single day; in

most cases, two observations with a 7-day interval were taken, resulting in an observation

period of greater than 7 days. Samples showing GFP expression during those periods were

considered GFP-positive. The GFP-positive portions in each stretch of ST were measured by

visual approximation as 0%, 1–10%, 11–20%, 21–40%, 41–60%, 61–80% or 81–100%.

H3.3 mCherry appears beginning at around 28 dpp in vivo. In vitro, however, its expression

is delayed days to weeks, depending on the sample. For the reliable identification of mCherry,
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each sample tissue was removed from the culture well, placed on a slide glass and observed

with an inverted microscope (IX73; Olympus) or a confocal microscope (FV1000–MPE;

Olympus). The observation timing was carefully determined in each case, taking the status of

preceding GFP expression into account.

Histological and immunohistochemical examinations

In histological examinations, specimens were fixed with Bouin’s fixative and embedded in par-

affin. One section showing the largest cut surface was made for each specimen and stained

with hematoxylin and eosin (H&E) or periodic acid Schiff (PAS). In immunofluorescence

staining, tissues were fixed with 4% of paraformaldehyde in PBS at 4˚C overnight. Tissues

were then soaked in solutions of 10%, 15%, and 20% (w/v) sucrose in PBS for 1 h each in suc-

cession for cryoprotection. They were cryo-embedded in OCT compound (Sakura Finetek

Japan) and cut into 7-μm-thick sections. Antibodies used as primary antibody were anti-GFP

(ab13970, 1:1000; abcam), anti-synaptonemal complex protein 3 (SCP3) (ab97672, 1:100;

abcam), and anti-GFRα1 (1:200, AF560; Bio-Techne, MN, USA). Lectin PNA from Arachis

hypogea (peanut), Alexa Fluor 568 Conjugate (L32458, 1:1000; Thermo Fischer Scientific, MA,

USA) was used to identify the acrosome. Antibodies used for secondary antibody were Alexa

Fluor 488-conjugated goat anti-chicken antibody (A-11039, 1:200; Thermo Fischer Scientific),

Alexa Fluor 555-conjugated goat anti-mouse antibody (A-21424, 1:200; Thermo Fischer Scien-

tific), Alexa Fluor 555-conjugated goat anti-rabbit antibody (A-21428, 1:200; Thermo Fischer

Scientific), Alexa Fluor 647-conjugated goat anti-rat antibody (A-21247, 1:200; Thermo

Fischer Scientific), and Alexa Fluor 647-conjugated donkey anti-goat antibody (A-21447,

1:200; Thermo Fischer Scientific). Nuclei were counterstained with Hoechst33342 dye. Obser-

vation of immunostained samples were performed with a confocal laser microscope

(FV1000-MPE; Olympus).

Whole-mount immunohistochemical staining

The cultured seminiferous tubules were fixed with 4% paraformaldehyde in PBS at 4˚C over-

night. After washing with PBS for 3 min, the tubules were dehydrated in 100% methanol for 30

min at room temperature. The dehydrated tubules were washed with PBS containing 1% Tri-

ton-X100 (1% PBST) 4 times for 10 min each, and then blocked with Image-iT™ FX Signal

Enhancer (Thermo Fisher Scientific) for 1 h and incubated with primary antibody diluted in

blocking buffer at 4˚C overnight. After washing with 1% PBST 4 times for 10 min each, the

tubules were reacted with secondary antibody diluted in blocking buffer at room temperature

for 1 h. After washing with 1% PBST 4 times for 10 min each, the nuclei were counterstained

with Hoechst 33342 dye. Specimens were observed with a confocal laser microscope (Olympus

FV-1000D). The primary antibodies used were chicken anti-GFP antibody (1:1000; Abcam),

rabbit anti-RFP polyclonal antibody (1:1000; MBL), mouse anti-SYCP3 antibody (1:500;

Abcam), goat anti-GFRα1 antibody (1:200; R&D Systems), rabbit anti-STRA8 antibody

(1:250; Abcam), rabbit anti-γH2AX (1:500; Abcam), and rabbit anti-Mouse HSD3B antibody

(1:250; Trans Genic Inc.). The secondary antibodies used were goat anti-chicken IgG, goat

anti-rabbit IgG, and goat anti-mouse IgG, conjugated with Alexa 488, Alexa 555 or Alexa 647

(1:200; Invitrogen).

Statistical analysis

Fisher’s exact test was used for statistical analyses. The Holm method was used to adjust the

family-wise error rate in multiple comparisons.
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Results

Acr/H3 double-Tg mouse testis as a system for monitoring spermatogenesis

The GFP expression in the spermatogenic cells of Acr-GFP transgenic mice starts from pachy-

tene spermatocytes at stage 4 onward [12]. In Histone H3.3-mCherry transgenic mice,

mCherry is expressed in spermatids from step 11 onward [14]. Then, we first examined if Acr/
H3 double-Tg mouse testis faithfully express GFP and mCherry as expected in their progres-

sion of spermatogenesis. Testes of mice aged 10, 20, and 40 days postpartum (dpp) were col-

lected and prepared for immunohistochemical observation (S1A Fig in S1 File). The testis of

10 dpp was negative for both GFP and mCherry. In the 20 dpp testis, GFP-positive cells and

peanut agglutinin (PNA)-positive dots were observed in the center of STs, indicating haploid

cells were emerging. In the 40 dpp testis, GFP, mCherry and PNA were clearly observed. At

higher magnification, the combination of GFP and mCherry, which respectively localized to

the acrosome and nucleus, was identified as a unique figure that served as a faithful discrimina-

tive marker of elongating spermatids at step 11 onward (S1B Fig in S1 File) [14]. These results

confirmed that the Acr/H3 double-Tg mouse testis was an excellent system for monitoring the

progression of spermatogenesis and spermiogenesis.

Cut and isolated ST segments shrunk in cultivation

After removing the tunica albuginea, STs in the testis of a neonatal Acr-GFP Tg or an Acr/H3

double-Tg mouse were loosened and dispersed, in order to randomly cut and isolate ST seg-

ments (cut-isolated STs). The cut-isolated STs were cultured on an agarose gel block, which

was half-soaked in culture medium, and the GFP expression was monitored with a stereomi-

croscope. However, these isolated stretches of ST shrunk and conglomerated in a day (Fig 1A).

We suspected that this may have been due to the surface tension of the medium, and we there-

fore used a ceiling chip made of an air-permeable silicone, polydimethylsiloxane (PDMS), to

cover the ST segments [16, 17]. This PDMS ceiling (PC) chip is a small PDMS plate having a

shallow dent/hollow on one side which serves as a space for testis tissues and STs (Fig 1B). By

placing the PC chip over the ST, we expected it could alleviate the surface tension and reduce

the shrinkage. This strategy worked to some extent, but within several days the cut-isolated

STs beneath the chip had gradually contracted and shrunk (Fig 1C). Proper spermatogenesis

could not be expected in such shrunken STs. In fact, among the 132 cut-isolated ST samples

that exhibited shrinkage in culture, GFP-expression was observed in only 7 (5.3%) (Fig 1C and

1G). We then produced a new PC chip, named the seminiferous tubule PC (STPC) chip. In the

dent space of the STPC chip, we designed four rows of aligned pillars to hold the ST in place,

hoping to prevent or reduce ST shrinkage (Fig 1D and S2A Fig in S1 File). However, we found

that the cut-isolated STs set between the pillar rows contracted to almost the same degree as

those without pillar rows (S2B Fig in S1 File). Even among several STs that we set in ways to

hold them, such as meandering between the pillars, shrinkage still occurred (S2C, S2D Fig in

S1 File). Such ST shrinkage would be expected to disturb and obstruct the progression of

spermatogenesis.

Uncut and segmentally isolated ST method

In order to prevent the shrinkage of STs, we gave up cutting and detaching the STs completely,

and instead isolated a portion of the ST, 1–2 mm in length, leaving both ends connected to the

tissue mass. The ST segment isolated in this manner, which we designated the uncut and seg-

mentally isolated ST (uncut-isolated ST), was placed in the STPC, and the tissue masses were

placed on both sides of the edge of the pillar rows (Fig 1E). Although the tissue as a whole
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again showed a tendency to contract, the segmentally isolated part of the ST remained

stretched. After 2 weeks of culture, GFP expression was observed in the uncut-isolated STs by

fluorescence microscopy (Fig 1E). Photographs were taken weekly and the ratio of the GFP-

expressing portion to the total uncut-isolated ST was measured visually (Fig 1F). The uncut-

isolated STs whose GFP-expressing portion constituted more than 10% or 50% of the total

length were regard as GFP-positive. We then compared STs in 3 different states: cut-isolated

STs, uncut-isolated STs and tissue masses (Fig 1G). For cut-isolated (conglomerated) STs, only

5.3% of samples were GFP-positive with a 10% positive area threshold, as stated above. With a

50%-positive area threshold, only 1.5% (2 out of 132) of samples were positive. The uncut-iso-

lated STs showed GFP-positivity rates of 53.3% (24 out of 45 samples) and 31.1% (14 out of 45

samples) for the 10% and 50% positive-area thresholds, respectively. The tissue masses showed

90.0% (117 out of 130 samples) and 73.8% (96 out of 130 samples) positivity rates, respectively.

These results indicated that although spermatogenesis was induced in cut-isolated and uncut-

isolated STs, at least up to the Acr-GFP-expressing stage—i.e., the early pachytene stage [13]—

the efficiency of spermatogenesis was lower than that in the tissue mass.

Long-term culture of uncut-isolated STs

When we performed a culture experiment of uncut-isolated STs for a long period with fre-

quent observations, Acr-GFP expression in a ST showed unique oscillatory fluctuation (Fig 2A

and 2B). The same phenomenon was observed and reported previously in our study with a tis-

sue mass culture experiment using a microfluidic device [18]. We conjectured that this fluctua-

tion reflected an incomplete spermatogenesis in which degenerated and dead Acr-GFP

expressing cells were cleaned up by phagocytotic Sertoli cells, followed by the reappearance of

Acr-GFP expressing cells from among the remaining precursor cells in the ST. This finding

thus indicated that the isolated ST can support spermatogenesis, although incompletely,

including not only the so-called first wave but also subsequent successive spermatogenesis. To

determine how far spermatogenesis had proceeded in the uncut-isolated STs, we performed

whole-mount immunochemistry on STs from a 5 dpp mouse cultured for 34 days, with anti-

bodies to SYCP3, GFP, and mCherry. Cells positive for SYCP3 and GFP, representing meiotic

spermatocytes at the pachytene stage, were observed as the most advanced differentiating cells

(Fig 2C).

Cultivation of cut-isolated STs using a soft agarose method

As a second approach to prevent the shrinkage of STs, we adopted a soft agarose method. Ini-

tially, 0.35% soft agarose was used as described in the literature [8, 19] and the cut-isolated STs

mixed in the gel were set in the STPC chip and placed on the base agarose gel (1.5%). Under

this condition, however, the shrinkage was not sufficiently suppressed. We therefore raised the

concentration of the soft agarose in the gel to 0.5%. A square thin piece of soft agarose contain-

ing the cut-isolated STs was moved onto the base gel, with or without a PC chip covering (S3

Fig, Method A in S1 File and S1 Video). However, the soft agarose gel was too fragile to handle

by itself, and the gel was prone to breakage during the transfer. We therefore adopted Ghola-

mi’s method [8]. The cut-isolated STs suspended in 0.5% soft agarose solution were poured on

the bottom layer of a 1.5% agarose gel, and the resultant two-layered gel was cut out for cultiva-

tion (S3 Fig, Method B in S1 File and S1 Video). The cut-isolated STs in 0.5% soft agarose gel

did not shrink and maintained their original form (Fig 3A). In this procedure, in addition to

cut-isolated STs, small clumps of aggregated STs were observed in the gel. These mostly

resulted from the insufficient isolation of STs and were denoted as aggregated STs when 3 or

more STs clustered together (Fig 3B).
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Within two weeks, GFP expression was confirmed in 72 out of 268 cut-isolated STs (26.9%)

under fluorescence microscopic observation (Fig 3A, 3C and 3E). As for aggregated STs, GFP

expression was observed in 55 out of 90 samples (61.1%) (Fig 3D and 3E). This result suggested

that STs under the aggregated condition were somehow favored for spermatogenic

Fig 2. A long-term culturing of uncut-isolated STs using STPC chips. (A) A testis of an Acr-GFP mouse of 3 dpp

were dissected and STs were set under STPC chips for culturing. On culture day 14, GFP expression was observed. The

dashed rectangular region is enlarged in B. (B) Photographs taken sequentially on each culture day under excitation

light for GFP recognition were aligned. GFP expression rates are noted in the lower right corner of each panel. (C)

Confocal microscopic photos of whole-mount immunochemical staining of an uncut-isolated ST were taken on

culture day 34, using a 5 dpp mouse testis. SYCP3- and GFP-positive cells represent meiotic spermatocytes. Scale bar: 1

mm (A), 0.5 mm (B), 50 μm (C).

https://doi.org/10.1371/journal.pone.0283773.g002
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Fig 3. Culture of cut-isolated and aggregated STs in the soft agarose. (A) Series photos of a cut-isolated ST embedded in soft

agarose using method B, showing the maintenance of its form without shrinkage and the induction of GFP expression from day

14. (B) Low-magnification view of cut-isolated STs embedded in the soft agarose. Yellow arrows indicate aggregated STs. (C) A

cut-isolated ST in the soft agarose with GFP expression at culture day 22, derived from a 7 dpp mouse testis. (D) Aggregated STs

in the soft agarose with GFP expression at culture day 22, derived from a 7 dpp mouse testis. (E) GFP expression was examined

by fluorescence microscopy in samples from 7 experiments and assessed during culture days 20 to 25. Numerators and

denominators in or over each bar are the numbers of GFP-positive tissue samples and total examined tissue samples,

respectively. The experiments were performed under a 20% O2 concentration. ** P< 0.01. (F) Whole-mount immunostaining

of a cut-isolated ST with anti-GFP antibody (green) and anti-RFP antibody (red). Nuclei were counterstained with Hoechst

33342 dye (blue). The box indicated by the dotted lines in the left panel is enlarged in the right panels. Germ cells with both GFP

and mCherry expressions, indicating elongating spermatids at or beyond the step 11, were observed (white arrow). (G) Whole-

mount immunostaining of aggregated STs demonstrated several elongating spermatids, expressing both GFP and mCherry. The

rectangular region surrounded by a dotted line is enlarged in the right panel. (H) GFP and mCherry expressions were

confirmed by whole-mount immunohistochemical staining in samples from a single experiment. The tissues were fixed either

on culture day 45, 52, or 59. The experiment was performed under a 20% O2 concentration. ** P< 0.01. (I) Whole-mount

immunostaining of cut-isolated and aggregated STs with HSD3β antibody (Green), along with counterstaining with Hoechst.

Within aggregated STs, faint dot-like GFP expression derived from Acr-GFP was observed (*). An HSD3β signal was observed
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progression. In 40–55 days, STs from an experiment were examined by whole-mount immu-

nochemical staining. In 2 of the 41 samples of cut-isolated STs examined, cells positive for

both GFP and mCherry were observed (Fig 3F and 3H). This result showed that cut-isolated

STs can support spermatogenesis up to the formation of elongating spermatids. As for aggre-

gated STs, GFP and mCherry double-positive cells were observed in 37 out of 60 samples

examined (Fig 3G and 3H). Again, it appeared that aggregation of STs confers an advantage

for the promotion of spermatogenesis.

We speculated that interstitial cells that remain attached to the aggregated STs could be a

reason for the abundant and more advanced spermatogenesis. To investigate this possibility,

we stained Leydig cells with anti-HSD3β antibody under a whole-mount condition. In this

instance, HSD3β-positive cells were detected abundantly in aggregated STs and only margin-

ally in isolated ST samples (Fig 3I). The relationship between spermatogenic efficiency and the

amount of interstitial cells around the ST would be an important issue to scrutinize in future

studies.

Lowered oxygen concentration was favorable for spermatogenesis

In our previous study using rat testis tissues, we found that an O2 concentration lower than the

atmospheric concentration of 20% induced spermatogenesis with higher efficiency [20]. Then,

in a pilot study using testis tissues of Acr-GFP Tg mice, we compared two different concentra-

tions of O2, i.e., 20% and 10%, in the incubator (S4 Fig in S1 File). In 20% O2, GFP expression

was observed evenly throughout the tissue. On the other hand, in 10% O2, GFP expression was

limited exclusively to the peripheral regions, leaving the central region completely negative.

This expression pattern was reasonable, considering the limited diffusion of O2 into the tissue

mass in the case of 10% O2. However, round spermatid formation, identified by GFP aggrega-

tion into a cap-shape, was intensively observed in the GFP-expressing area of 10% O2 samples.

Round spermatids were also observed in 20% O2 samples, but rather sporadically and as

smaller foci. Because the physiological O2 concentration in a body is around 1% to 8% [21], a

concentration of 20% O2 must be too high for many, if not all, cellular activities.

The above results suggested that there was a benefit in culturing the testis tissue in 10%

rather than 20% O2. However, the regional difference in spermatogenic progression in a single

tissue mass made it difficult to interpret the effect of oxygen concentration. After all, the oxy-

gen tension can vary significantly from one location to another within a tissue mass, and the

tension can continuously change in accordance with the oxygen permeation throughout the

tissue and consumption by the tissue.

We therefore adopted the uncut-isolated ST culture method to examine the effect of O2

concentrations of 20%, 15% and 10% on the spermatogenesis (Fig 4A). Among the 36 samples

cultured in 20% O2, the number having an Acr-GFP-expressing region rate over 10% and 50%

in a stretch of ST were 16 (44.4%) and 3 (8.3%), respectively. The corresponding numbers

among the 41 samples cultured in 15% O2 were 31 (75.6%) and 10 (24.4%), respectively.

Among the 27 samples cultured in 10% O2, the respective values were 25 (92.6%) and 21

(77.8%) (Fig 4B). The number of samples varied among the three groups due to technical diffi-

culties in the preparation of uncut-isolated STs. Namely, some samples were lost prior to eval-

uation due to fragmentation or slipping of the ST apart from the frame of the PDMS pillars.

in cells adhering to the outside of the STs, either singly (arrows) or as clusters (arrowheads). In these pictures, the numbers of

such HSD3β-positive cells were counted to be 5 in cut-isolated and 41 in aggregated STs. In addition, in the case of aggregated

STs, a clumpy interstitial tissue containing about 20 HSD3β-positive cells was also observed (surrounded by braces). Scale bars:

200 μm (A, C, F left, G left), 2 mm (B), 0.5 mm (D), 50 μm (G right, I) and 10 μm (F right 4 panels).

https://doi.org/10.1371/journal.pone.0283773.g003
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Fig 4. Effect of lower oxygen concentrations on spermatogenesis evaluated with uncut-isolated STs. (A) Stereomicroscopic

view of uncut-isolated STs cultured at different O2 concentrations. GFP expression was observed at culture day 25 by a

fluorescence microscope. (B) Data from nine experiments are summarized. Samples with GFP-expressing areas over 10% and

50%, respectively, during culture days 20 to 30 were counted as GFP-positive. The mCherry expression was confirmed on culture

day 30 or 36. Numbers in or over the bar are the numbers of marker-positive samples among total samples examined in each O2

concentration; the numbers of total sample are shown in parenthesis. * P< 0.05, ** P< 0.01. (C) Whole-mount immunostaining

with anti-SYCP3 antibody (yellow), anti-GFP antibody (green), and anti-RFP (mCherry) antibody (red) was performed on culture
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Nonetheless, this experiment clearly demonstrated that lower O2 concentrations were associ-

ated with a higher rate of GFP expression in a larger area. Interestingly, such a difference was

not obvious among tissue masses cultured in the same respective STPC chips. The tissue mas-

ses showed Acr-GFP expression in most of their regions regardless of O2 concentration (S5 Fig

in S1 File). This relative insensitivity of the tissue masses to O2 concentration could have been

caused by reduced O2 tension in a large area of tissue mass due to the consumption of O2 by

the tissue itself.

After culturing about 30 days, 6 GFP-positive samples, 2 in each O2 concentration group,

were examined with whole-mount immunochemical staining. Sycp3-positive cells (meiotic

cells) and GFP-positive cells were confirmed in all the O2 concentration groups. However,

mCherry-positive cells were sparse in samples cultured in 20% and 15% O2, but the samples

cultured in 10% O2 contained many such cells (Fig 4C). Germ cells expressing both GFP and

mCherry, representing elongating spermatids at step 11 onward, were confirmed only in the

samples in 10% O2, and only in 5 of 27 samples (Fig 4D and 4B).

To ensure that this condition—namely uncut-isolated ST under 10% O2—recapitulates the

normal development of the first wave spermatogenesis, a time-course examination using

whole-mount immunohistochemistry with stage-specific markers was performed (Fig 4E).

The STs of a 5 dpp mouse contained undifferentiated spermatogonia, which were stained posi-

tive with GFRα1, as the most abundant germ cell at explantation (day 0). In 10 days, STRA8--

positive cells, probably preleptotene spermatocytes, emerged and increased in number, while

GFRα1-positive undifferentiated spermatogonia became more sparse. In 20 days, spermato-

cytes positive for both SCP3 and γH2AX appeared and the STs became markedly thicker. A

sectioned histological examination with PAS staining showed spermatocytes and round sper-

matids (Fig 4F). Taken together, these results demonstrated that the 10% O2 concentration

was more favorable than higher O2 concentrations for promoting spermatogenesis up to the

production of elongating spermatids. Of note, it is even possible that O2 lower than 10% would

be optimal for isolated STs to promote spermatogenesis. In conclusion, culturing isolated STs

is a sensitive and reliable means for elucidating the microenvironmental signals that affect or

control spermatogenesis.

Discussion

In the history of mammalian in vitro spermatogenesis studies, culturing isolated segments of

ST can be categorized as a separate technique from culturing tissue as a mass [5]. The first

studies using the former culture technique were performed in the 1970s [22]. However, Parvi-

nen and colleagues would be the first to report the progression of spermatogenesis in a defined

segment of adult rat STs [6]. Specifically, STs containing late pachytene and diakinetic primary

spermatocytes were cultured in a chemically defined medium for 6 days. In those STs, meiotic

divisions were completed and the newly formed spermatids, which had acrosonic systems

characteristic of step 5, were observed [6, 7]. In a subsequent study, Toppari et al. extended

these findings. They excised segments of rat STs from stages II to III and cultured them in the

day 34, using a 5dpp Acr/H3 double-Tg mouse testis. (D) A 5dpp Acr/H3 double-Tg mouse testis was cultured in 10% O2 for 34

days and examined by whole-mount immunohistochemistry. A merged image of GFP (green), mCherry (red), and Hoechst (gray)

was shown in the top panel. The dashed rectangular area is enlarged in the panels below. An acrosome cap (green) and mCherry-

positive nuclei (red) of elongated spermatids (yellow arrows) were observed. (E) Uncut-isolated STs cultured under 10% O2 for 0,

10 and 20 days were subjected to whole-mount immunostaining. (F) An uncut-isolated ST cultured under 10% O2 for 20 days was

sectioned and stained with PAS, revealing the regional layers of spermatocytes (bracket) and an isolated round spermatid (arrow

and enlarged in the inset) having a cap-shaped acrosome stained in red. Scale bars: 500 μm (A), 50 μm (C, D top, E, F), and 10 μm

(D middle and bottom, F inset).

https://doi.org/10.1371/journal.pone.0283773.g004
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same way. The round spermatids at steps 2–3 developed into step 7 spermatids within 7 days,

replicating the progression in vivo. Moreover, the spermatogonia and spermatocytes in that

segment developed in correspondence with those in vivo [23].

We initiated the present study as an extension of our previous studies of testis tissue cultiva-

tion, which succeeded in the production of fertile sperm from spermatogonial stem cells [4,

24]. To our surprise, the STs underwent drastic shrinking and lost their original tubular

appearance in only a couple of days. However, the explanted tissues themselves would certainly

have experienced drastic changes in environmental conditions, and this would be expected to

elicit various reactions in the tissues. In fact, we recently observed that testis tissues exhibited a

significant level of inflammation within a mere two days after explantation [25]. After trying

several approaches, we resorted to isolating STs segmentally without cutting them in order to

keep them from shrinkage. This was an incomplete method of isolation, but it was an effective

method for inducing spermatogenesis at a higher efficiency. Having settled on this uncut-isola-

tion method, we then explicitly evaluated the effect of oxygen concentration on spermatogene-

sis. In our pilot study we cultured tissue masses under different O2 concentrations, and the

results suggested that lower oxygen concentration might be superior in inducing efficient sper-

matogenesis. However, because the oxygen tension at any point in a tissue is the result of the

sequential oxygen supply and consumption at that point as well as at points nearby, the value

fluctuates and is difficult to measure precisely. The results of the pilot study were thus hard to

interpret in a straightforward manner. In contrast, the segmentally isolated portion of STs

should be bathed in a constant O2 concentration that is close to the concentration set in the

incubator throughout the cultivation period. Therefore, culturing STs, instead of tissue masses,

seemed to be a superior way to directly evaluate the effect of environmental factors.

In addition to performing uncut-isolated ST experiments, we also successfully minimized

the shrinkage of cut-isolated STs by adopting the soft agarose method reported by Gholami

and colleagues [8]. The soft agar culture method was initially developed to characterize clonal

expansion of bone marrow cells [26–28]. Then, it was widely applied in different ways, and

eventually became the gold-standard assay for cellular transformation in vitro [29–32]. In

2008, Stukenborg et al. used the soft agar method to cultivate spermatogonia for proliferation.

They also intended to induce differentiation of spermatogonia by coculturing with somatic

cells [19]. Gholami’s report was the first trial, to our best knowledge, to culture STs in soft agar

[8]. Although they reported the progression of spermatogenesis, their evaluations were incom-

plete, and thus further studies were warranted. In the present study, we used Acr/H3 double-

Tg mice which faithfully express GFP and mCherry, respectively, as reliable markers of meiotic

pachytene and step 11 spermatids onward. In particular, the combination of GFP accumula-

tion in the acrosome and mCherry expression in the nucleus, which were located closely side

by side, was a strong marker for the identification of elongating spermatids. Thus, it was dem-

onstrated faithfully for the first time that in vitro spermatogenesis in the isolated STs pro-

ceeded up to the stage of elongating spermatids.

Although our experiments demonstrated that culturing ST segments without shrinkage is

possible, the efficiency was much lower than that by culturing tissue masses or aggregated STs.

The GFP-positive rates for each isolation method were summarized as 5.3%, 26.9%, 53.3%,

61.1%, and 90% for cut-isolated conglomerated, cut-isolated in soft agarose, uncut-isolated,

aggregated in soft agarose, and tissue mass, respectively, under 20% O2 concentration (S6 Fig

in S1 File). This indicates that STs that remained adherent rather than isolated singly showed

better performance in inducing spermatogenesis. On the other hand, when the uncut-isolated

method was performed under 20%, 15%, and 10% O2, the GFP positive rates were 44.4%,

75.6%, and 92.6%, respectively. This result suggests that the local O2 tension, which should be

reduced in aggregated STs and tissue masses, contributes significantly to spermatogenesis
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performance. However, there are two other possible explanations for the favorable perfor-

mance of aggregated STs and tissue masses. First, interstitial cells attaching to the STs could be

essential or at least influential. Aggregated STs and tissue masses would be expected to contain

interstitial cells more abundantly than isolated STs. Indeed, our whole mount immunohisto-

chemical study showed that the aggregated STs contained many Leydig cells, while the cut-iso-

lated STs contained only a few. In addition to Leydig cells, there are several different types of

cells outside the STs in the testis, including macrophages, lymphatic endothelial cells and so

forth. Numerous studies have described the pivotal roles of these cells in spermatogenesis. Ley-

dig cells produce and secrete androgens and other factors, such as colony-stimulating factor 1

(CSF-1) [33]. The testicular macrophages also produce CSF-1 and enzymes involved in reti-

noic acid (RA) biosynthesis [34]. Lymphatic endothelial cells secrete fibroblast growth factors

(FGFs), which maintain stem cell populations for spermatogenesis [35]. All these factors and

others not yet identified could contribute to the promotion and maintenance of spermatogene-

sis and would be necessary for efficient spermatogenesis in vitro. It was even reported recently

that bone marrow-derived mesenchymal cells co-cultured with testis tissue promoted in vitro
spermatogenesis, suggesting that an optimal culture condition for spermatogenesis could be

achieved via such a paracrine effect from cells from an extra-testicular source [36].

A second possibility is the paracrine effect between STs. Each ST should secrete various

molecules; most of these would be metabolites, and some of these metabolites could directly or

indirectly promote spermatogenesis. In organ culture experiments, a testicular tissue mass

with a certain volume may be able to create its own internal state through such a paracrine

effect. This issue, i.e., the difference between isolated and aggregated STs, could be investigated

experimentally in the future by improving the culture technique for isolated STs. In line with

such research progress, trials culturing reaggregated testis cells rather than ST segments would

be a fruitful technique for in vitro spermatogenesis [10, 11].

We expect that the isolated ST culture method would open a new platform for precision

culture experiments, especially when combined with microfluidic technologies. It has been

reported that microfluidic systems can produce a continuous microflow of culture medium to

produce a desired concentration gradient of a biochemical [37, 38]. Combined with such tech-

nologies, isolated ST culture experiments could reveal the regulatory mechanisms of spermato-

genesis, which have been difficult to elucidate to date.

Conclusion

Spermatogenesis does not proceed by germ cells alone, but requires close support from several

types of testicular somatic cells. This suggests that an organ culture method would be the best

approach for in vitro spermatogenesis. However, in order to accurately elucidate the regulatory

mechanisms of spermatogenesis, it is advantageous and preferable to culture only a small

number of functional units—or one functional unit, if possible—rather than large tissue mas-

ses. In this study, we showed that in vitro spermatogenesis was possible in an isolated ST up to

the elongating spermatid stage. There are certainly many limitations and unanswered ques-

tions in regard to this technique, including technical difficulty in handling STs, low efficiency

of spermatogenesis, unknown effects of interstitial cells, fertility competence of the elongating

spermatids, and so forth. Nonetheless, this method allows us to evaluate various microenviron-

mental parameters involved in the progression of spermatogenesis and to elucidate the regula-

tory mechanisms of spermatogenesis.

PLOS ONE Spermatogenesis in isolated seminiferous tubules

PLOS ONE | https://doi.org/10.1371/journal.pone.0283773 April 6, 2023 15 / 18

https://doi.org/10.1371/journal.pone.0283773


Supporting information

S1 File. Six figures and a table.

(PDF)

S1 Video. Procedure of the soft agarose method.

(MP4)

Acknowledgments

We thank Mayuka Nishida and Shino Nagata for creating the figure illustrations.

Author Contributions

Conceptualization: Takehiko Ogawa.

Data curation: Xuemin Feng.

Formal analysis: Takafumi Matsumura.

Investigation: Xuemin Feng, Takafumi Matsumura, Yuki Yamashita, Kiyoshi Hashimoto,

Hisakazu Odaka.

Project administration: Takehiko Ogawa.

Resources: Yoshinori Makino, Yuki Okada, Hiroko Nakamura, Hiroshi Kimura.

Supervision: Takuya Sato, Teruo Fujii.

Writing – original draft: Xuemin Feng.

Writing – review & editing: Takehiko Ogawa.

References
1. Yin X, Mead BE, Safaee H, et al. Engineering Stem Cell Organoids. Cell Stem Cell 2016; 18:25–38.

https://doi.org/10.1016/j.stem.2015.12.005 PMID: 26748754

2. Chojnacka K, Zarzycka M, Mruk DD. Biology of the Sertoli Cell in the Fetal, Pubertal, and Adult Mamma-

lian Testis. Results Probl Cell Differ 2016; 58:225–251. https://doi.org/10.1007/978-3-319-31973-5_9

PMID: 27300181

3. Nakata H, Wakayama T, Sonomura T, et al. Three-dimensional structure of seminiferous tubules in the

adult mouse. Journal of anatomy 2015; 227:686–694. https://doi.org/10.1111/joa.12375 PMID:

26391090

4. Sato T, Katagiri K, Gohbara A, et al. In Vitro Production of Functional Sperm in Cultured Neonatal

Mouse Testes. Nature 2011; 471:504–507. https://doi.org/10.1038/nature09850 PMID: 21430778

5. Komeya M, Sato T, Ogawa T. In Vitro Spermatogenesis: A century-long research journey, still half way

around. Reproductive medicine and biology 2018; 17:407–420. https://doi.org/10.1002/rmb2.12225

PMID: 30377394

6. Parvinen M, Wright WW, Phillips DM, et al. Spermatogenesis in vitro: completion of meiosis and early

spermiogenesis. Endocrinology 1983; 112:1150–1152. https://doi.org/10.1210/endo-112-3-1150

PMID: 6822207

7. Toppari J, Parvinen M. In vitro differentiation of rat seminiferous tubular segments from defined stages

of the epithelial cycle morphologic and immunolocalization analysis. J Androl 1985; 6:334–343. https://

doi.org/10.1002/j.1939-4640.1985.tb03289.x PMID: 3908426

8. Gholami K, Pourmand G, Koruji M, et al. Organ culture of seminiferous tubules using a modified soft

agar culture system. Stem cell research & therapy 2018; 9:249. https://doi.org/10.1186/s13287-018-

0997-8 PMID: 30257723

9. Yokonishi T, Sato T, Katagiri K, Komeya M, Kubota Y, Ogawa T. In Vitro Reconstruction of Mouse Sem-

iniferous Tubules Supporting Germ Cell Differentiation. Biol Reprod. 2013 Jul; 89(1):15. https://doi.org/

10.1095/biolreprod.113.108613. Epub 2013 Jun 12. PMID: 23759307

PLOS ONE Spermatogenesis in isolated seminiferous tubules

PLOS ONE | https://doi.org/10.1371/journal.pone.0283773 April 6, 2023 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283773.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283773.s002
https://doi.org/10.1016/j.stem.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26748754
https://doi.org/10.1007/978-3-319-31973-5_9
http://www.ncbi.nlm.nih.gov/pubmed/27300181
https://doi.org/10.1111/joa.12375
http://www.ncbi.nlm.nih.gov/pubmed/26391090
https://doi.org/10.1038/nature09850
http://www.ncbi.nlm.nih.gov/pubmed/21430778
https://doi.org/10.1002/rmb2.12225
http://www.ncbi.nlm.nih.gov/pubmed/30377394
https://doi.org/10.1210/endo-112-3-1150
http://www.ncbi.nlm.nih.gov/pubmed/6822207
https://doi.org/10.1002/j.1939-4640.1985.tb03289.x
https://doi.org/10.1002/j.1939-4640.1985.tb03289.x
http://www.ncbi.nlm.nih.gov/pubmed/3908426
https://doi.org/10.1186/s13287-018-0997-8
https://doi.org/10.1186/s13287-018-0997-8
http://www.ncbi.nlm.nih.gov/pubmed/30257723
https://doi.org/10.1095/biolreprod.113.108613
https://doi.org/10.1095/biolreprod.113.108613
http://www.ncbi.nlm.nih.gov/pubmed/23759307
https://doi.org/10.1371/journal.pone.0283773


10. Baert Y, Dvorakova-Hortova K, Margaryan H, Goossens E. Mouse in vitro spermatogenesis on algi-

nate-based 3D bioprinted scaffolds. Biofabrication. 2019 Apr 26; 11(3):035011. https://doi.org/10.1088/

1758-5090/ab1452 PMID: 30921781.

11. AbuMadighem A, Shuchat S, Lunenfeld E, Yossifon G, Huleihel M. Testis on a chip-a microfluidic three-

dimensional culture system for the development of spermatogenesis in-vitro. Biofabrication. 2022 Apr

20; 14(3). https://doi.org/10.1088/1758-5090/ac6126 PMID: 35334473.

12. Nakanishi T, Ikawa M, Yamada S, et al. Real-time observation of acrosomal dispersal from mouse

sperm using GFP as a marker protein. FEBS Lett 1999; 449:277–283. https://doi.org/10.1016/s0014-

5793(99)00433-0 PMID: 10338148
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