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Abstract

The diverse reproductive strategies of elasmobranchs (sharks, rays, and skates) have attracted research attention, but
the endocrine control of reproduction is still incompletely known in elasmobranchs. By long-term monitoring of the
egg-laying cycle in cloudy catsharks (Scyliorhinus torazame), we recently demonstrated a transient increase in plasma
progesterone (P4) levels just prior to the appearance of the capsulated eggs in the oviducts. In the present study, we
examined the in vivo effects of P4 administration in mature female cloudy catsharks. Although no capsulated eggs
were observed following the implantation of P4-containing silicone tubing, we did find dark swollen oviducts in the
abdominal cavity, in which clumps of long and coiled tendrils were observed. The tendril is an extension of the egg
capsule, and the formation of the egg capsule begins with the tendril before main capsule formation. During the
period of P4 implantation, the tendrils elongated, and their diameters were significantly increased on day 2 of treat-
ment. Tendril formation was also confirmed on the day of endogenous P4 surge. Tendrils were not formed in catsharks
implanted with estradiol-17(3 or testosterone. Histological analysis of the oviducal gland revealed that P4 implantation
induced the secretion of tendril materials from the secretory tubules in the baffle zone, while the tendril materials
were stored in the cytoplasm of the secretory cells under low P4 condition. Morphometrically, the area of secreted
luminal materials in the secretory tubules was highly correlated to the diameter of tendrils. Our results suggest that
the P4 surge during the egg-laying cycle serves as a trigger for egg capsule formation in the oviducal gland of cloudy
catshark, but the hormonal signals were incomplete as the main capsule was not formed. Further studies are required
to identify the hormones required for ovulation and formation of the main egg capsule.
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Background
Reproductive strategies of cartilaginous fishes (sharks,
rays, skates, and chimaeras) are unique among piscine
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reported to store sperm in their reproductive tract for
fertilizing the ovulated eggs [3]. In the case of oviparous
cloudy catshark, Scyliorhinus torazame, females lay two
capsulated eggs once every 2 to 4 weeks throughout the
year. The ovulated eggs are fertilized using the stored
sperm and encapsulated in the oviducal glands. The cap-
sulated eggs are then retained in the lower oviducts for a
certain period, such as 1-2 weeks, prior to oviposition.
Following oviposition, the female catshark fertilizes the
next ovulated eggs using the stored sperm again with-
out mating [4]. These features complicate the research
methods for determining the timing of fertilization and
subsequent reproductive events, and thus limit progress
in the understanding of reproductive physiology in car-
tilaginous fishes, despite its importance phylogenetically,
ecologically, and physiologically.

Sex steroids are critical factors regulating the repro-
duction of vertebrates. In mammals, estradiol-17f
(E2) secretion is stimulated by pituitary follicle-stim-
ulating hormone (FSH) during follicular growth [5].
Plasma E2 levels are relatively low when follicles are
small in the ovary [6, 7]. Following the full develop-
ment of follicles, the increase in plasma E2 induces
positive feedback to promote a luteinizing hormone
(LH) surge, which triggers oocyte maturation and ovu-
lation [8—10]. After ovulation in mammals, plasma E2
levels decrease, while the corpus luteum secretes pro-
gesterone (P4) to maintain pregnancy and suppress
gonadotropin releasing hormone (GnRH)/LH pulsatile
release [11]. In teleosts, on the other hand, E2 acts on
the liver to promote synthesis of vitellogenin, a precur-
sor of yolk protein, and follicular growth [12]. When
yolk accumulation is completed, an LH surge occurs
to induce secretion of maturation-inducing steroids
such as 17a,20B-dihydroxy-4-prognen-3-one (DHP) or
17,20B,21-trihydroxy-4-prognen-3-one (20p3-S), the tel-
eost major progestins [13—15]. The maturation-induc-
ing steroids then trigger oocyte maturation [16].

Contribution of sex steroids to reproduction has also
been indicated in elasmobranchs [17-21]. Elevation
of plasma E2 levels during follicular development was
reported in various oviparous and viviparous elasmo-
branchs [19, 22]. E2 treatment stimulated vitellogenin
synthesis [23, 24] and oviduct maturation [25]. In vivip-
arous elasmobranchs, plasma P4 levels were high dur-
ing early- to mid-pregnancy in spiny dogfish Squalus
acanthias [26] and bonnethead shark Sphyrna tiburo
[22], suggesting that P4 contributes to maintenance of
pregnancy. In oviparous elasmobranchs, increases in
plasma P4 levels were found during the ovulation/egg-
encapsulation period [27]. However, endocrine control
of ovulation, fertilization, and egg encapsulation mostly
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remain to be clarified in elasmobranchs, largely due to
the above-mentioned difficulties of tracing their repro-
ductive events.

We recently introduced a portable ultrasound device
to monitor encapsulated eggs in oviducts and succeeded
in assessing the egg-laying cycles of oviparous cloudy
catshark Scyliorhinus torazame for 6 months [4]. Fur-
thermore, concomitant measurement of plasma sex ster-
oids revealed cyclic patterns of E2, testosterone (T), and
P4 levels during the egg-laying cycle [4]. In particular,
a surge in plasma P4 was consistently observed 2 days
prior to the appearance of capsulated eggs in oviducts. A
transient increase in circulating P4 was also reported in
little skate, Leucoraja erinacea [27], suggesting that the
P4 surge may effect ovulation, internal fertilization, and
egg-capsule formation in oviparous elasmobranchs.

In the present study, we developed an administration
protocol of sex steroids using porous silicone tubing
and examined the in vivo effects of P4 surge in female
cloudy catshark. We found that the oviducal gland (also
known as the egg-shell gland or nidamental gland)
produces tendrils without main egg case following the
administration of P4. The tendril is a curly whisker-like
structure extending from the four corners of the egg-
capsule wall, and it helps anchor the egg-capsule to sea
grass in natural conditions. Tendril formation is the ini-
tial step of egg-capsule formation in lesser spotted dog-
fish, Scyliorhinus canicula [28]. Our findings provide
the first direct physiological role of circulating P4 surge
in the elasmobranch reproductive cycle.

Methods

Animals

Sexually mature female cloudy catsharks (Scyliorhinus
torazame) were transported from the Ibaraki Prefec-
tural Oarai Aquarium to the Atmosphere and Ocean
Research Institute, The University of Tokyo. They
were kept in 2000 and 3000 L holding tanks filled with
recirculating natural seawater (35%o) at 16°C under
a constant photoperiod (12L:12D) and were fed with
chopped anchovy and sardine to satiation twice a
week. After acclimating in the holding tanks for at least
2 weeks, experimental fish (total length, 43.1 +1.8 cm;
body weight, 364.4 +41.8 g; mean + S.E.M.) were trans-
ferred to a 1000 L tank with a low water level for ultra-
sound investigation [4]. Individuals were identified
by a tag tied to the dorsal fin. All animal experiments
were approved by the Animal Ethics Committee of the
Atmosphere and Ocean Research Institute of the Uni-
versity of Tokyo (P19-2). The present study was carried
out in compliance with the ARRIVE guidelines.
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Establishment of steroid administration protocol
Sex steroids (E2 [Sigma-Aldrich, St Louis, MO, USA], P4,
and T [Wako Pure Chemical Corporation, Osaka, Japan])
were dissolved in ethanol at 100 ug/pl for T and 50 ug/
ul for P4 and E2. The dissolved steroids were diluted in
sesame oil (Kanto Kagaku, Tokyo, Japan) (1:9 for T, and
1:4 for P4 and E2) to obtain 10 pg/ul solution. The mix-
tures were left to stand for 48 h without caps to evaporate
ethanol at room temperature. Silicone tubing (Silascon
tubing; inner and outer diameters 2.0 mm and 3.0 mm,
respectively; Kaneka Medics, Osaka, Japan) was cut into
lengths of 2 or 8 cm, and they were filled with 50 pl (2 cm
tubing, 0.5 mg steroid) or 200 pl (8 cm tubing, 2 mg ster-
oid) steroid solution, respectively. Both ends of the tub-
ing were sealed with silicone adhesive (Shin-Etsu Silicone
one component RTV neutral cure system; Shin-Etsu,
Tokyo, Japan). For the control group, an 8-cm silicone
tubing containing 200 pl of sesame oil was prepared.
Mature female catsharks which had not carried eggs
for more than 2 months were used for establishment of
the implantation protocol, because they were shown to
have low circulating levels of sex steroids. For implanta-
tion of the steroid-containing silicone tubing, catsharks
were anesthetized with 0.02% (w/v) ethyl 3-aminoben-
zoate methanesulfonate (Sigma-Aldrich). Blood samples
(0.2 ml) were collected from the caudal vasculature using
a heparinized syringe connected to a 22-gauge needle.
A small incision was made on the left flank of the fish,
and the P4-containing silicone tubing was gently inserted
into the abdominal cavity. The incision was then closed
with nylon thread (No. 3; Matsuda Ika Kogyo, Tokyo,
Japan) and a suture needle (No. 1; Igarashi Ika Kogyo,
Tokyo, Japan). Fish were recovered from anesthesia
by flushing aerated SW over the gills. After the sur-
gery, implanted individuals were kept in separate tanks
(60.0 cmx26.0 cmx25.5 cm, 30 L), and blood samples
were collected 1, 3, 6, 24, 48, and 72 h after the implanta-
tion. Following the blood sampling at 72 h, the incision
was re-opened, the silicone tubing was removed from
the abdominal cavity, and the incision was closed again
with nylon thread. Blood samples were collected on days
1 and 2 after the removal of silicone tubing as described
above. All blood samples were centrifuged at 10,000x g
for 5 min at 4°C to obtain plasma. 0.1 ml of plasma was
used for steroid extraction as described below.

Steroid implantation experiments

In our previous long-term monitoring of breeding cat-
sharks, plasma P4 levels were nearly undetectable dur-
ing most of the egg-laying cycle, but levels sharply
increased just prior to the ovulation/egg-capsule for-
mation [4]. The P4 levels then gradually decreased to
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the initial low levels following the appearance of capsu-
lated eggs in the oviducts. Since the egg-carrying period
ranged from 11 to 21 days in our previous investigation
(17.4+0.4 days on average; [4]), catsharks at 5 to 13 days
after the appearance of capsulated eggs were identified by
ultrasound investigation using a portable device (Pocket
echo Miruco; Nippon Sigmax Co. Ltd., Tokyo, Japan).
These individuals are considered to have low endoge-
nous plasma P4 levels, and thus were suitable for steroid
implantation experiments. Therefore, all the implanted
animals had capsulated eggs in their lower oviducts dur-
ing the implantation surgery. Implantation of the steroid-
containing silicone tubing was conducted as described
above. After the implantation, each individual was kept
in a separate tank (30 or 250 L) for 1 to 5 days without
feeding.

Blood and tissue sampling

On days 1, 2, and 5 following the steroid implanta-
tion, catsharks were anesthetized with 0.02% (w/v) ethyl
3-aminobenzoate methanesulfonate (Sigma-Aldrich),
and blood samples were collected as described above.
After decapitation, the reproductive organs (ovary, ovid-
ucal glands, and oviducts) were dissected out for exam-
ining the effects of steroid implantation (P4, N=15; T,
N=3; E2, N=4; sesame oil, N=3). In addition to the ster-
oid implantation groups, intact individuals experiencing
an endogenous P4 surge were sampled. To determine
the endogenous P4 surge, daily ultrasound investiga-
tion and blood sampling were conducted in the morning
as described previously [4], and plasma P4 levels were
measured using a rapid protocol (see below). When a
sharp increase in plasma P4 levels was found, the same
individual was sampled in the afternoon of the same day
(N=4). Furthermore, intact individuals were sampled on
the day or 1 day after the appearance of capsulated eggs
(N=5). The oviducal glands and oviducts were cut longi-
tudinally and fixed with 4% paraformaldehyde in 50 mM
phosphate buffer (pH 7.4) at 4°C for 2 days. The lengths
of tendril and egg capsule were measured.

Stereomicroscope and scanning electron microscopy
observation
The fixed oviducal glands with or without tendrils were
rinsed in 70% ethanol. Micrographs of oviducal gland
and oviduct were obtained under a stereomicroscope
(M165FC; Leica, Wetzlar, Germany) attached to a digi-
tal camera (Wraycam-noa630; Wreymer, Osaka, Japan).
Diameter of tendril was determined using a digital
microscope VHX-7000 and a software package (Keyence,
Osaka, Japan).

For scanning electron microscopy observation, the
tendril-forming area of the oviducal gland was trimmed
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to an approximately 1-cm cube, dehydrated in graded
concentrations of ethanol, immersed in butyl alcohol,
and dried in a vacuum freeze-dryer (JFD-300; JEOL Ltd,
Tokyo, Japan) overnight. Tissues mounted on a sample
holder were coated with platinum palladium using an ion
sputtering apparatus (E-1030; Hitachi High-Technologies
Corp., Tokyo, Japan) and were observed using a scanning
electron microscope (s-4800; Hitachi High-Technologies
Corp.).

Histological observation

The tendril-forming areas of the fixed oviducal glands
from P4- and sesame oil-treated fish were trimmed to
an approximately 1-cm cube. Tissues were washed with
70% ethanol, dehydrated in graded concentrations of
ethanol, cleared with methyl benzoate, and embedded
in Paraplast Plus (Leica Biosystems, Nuflloch, Germany).
Sections were cut at 8 pm thickness and mounted onto
MAS-GP-coated glass slides (Matsunami Glass, Osaka,
Japan). Some sections were stained with alcian blue
and periodic acid Schiff (AB/PAS) or hematoxylin and
eosin (HE). For AB/PAS staining, sections were stained
with AB (pH 2.5; Nacalai Tesque, Kyoto, Japan) for 30 s,
washed with distilled water (DW), and then oxidized
in 0.5% periodic acid solution for 10 min, followed by
immersion in Schiff’s reagent (Wako Pure Chemical Cor-
poration) for 15 min. Sections were rinsed in sulfurous
acid three times, and then counterstained with Mayer’s
hematoxylin (Wako Pure Chemical Corporation). For HE
staining, rehydrated sections were treated with Mayer’s
hematoxylin for 10 min, washed in running tap water for
15 min, and then stained with eosin (Chroma Gesells-
chaft Schmid, Koengen, Germany) for 5 min. Stained
sections were dehydrated with graded ethanol, cleared in
xylene, and mounted with Permount (Thermo Fisher Sci-
entific, Waltham, MA, USA). Micrographs were obtained
using a virtual slide system (BZ-X800 and accompanying
software; Keyence). The areas of secretory tubule and its
lumen were determined using Image] software [29].

Steroid extraction and measurement of P4, T, and E2

Steroid extraction from plasma and measurement of P4,
T, and E2 levels were performed following the methods
described previously [4, 30]. Briefly, 400 pl of diethyl
ether was added to 100 pl plasma in a glass test tube,
vortexed, and allowed to separate. The upper diethyl
ether layer was recovered, and this extraction procedure
was repeated three more times. The diethyl ether from
repeated extractions was pooled and dried under a nitro-
gen stream at 37°C. Samples were reconstituted with
100 pl of EIA buffer (Cayman Chemical Company, Ann
Arbor, MI, USA) and stored at —30 °C until measurement.
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Plasma concentrations of E2, T, and P4 were measured
using commercially available ELISA kits (Cayman Chem-
ical Company) following the manufacturer’s instructions
[4]. In an ELISA plate pre-coated with secondary anti-
body, 50 pl of extracted plasma sample was mixed with
50 pl of AChE tracer and 50 pl of primary antibody. The
assay plate was then sealed and incubated at 4°C over-
night. After washing five times with wash buffer, 200 pl of
Ellman’s reagent was added to each well for color devel-
opment at 25°C for 60 to 100 min. For the rapid proto-
col to monitor the daily P4 levels, the incubation with
primary antibody was conducted at 25°C for 60 min.
Absorbance of each well was measured at 405 nm using
a microplate reader (Multiskan FC; Thermo Fisher
Scientific).

Statistical analysis

Values are presented as means+S.E.M. Effects of ster-
oid or vehicle implantation on plasma steroid levels were
analyzed by comparing before and after the implantation
by paired ¢-test or Wilcoxon test following the normality
test, and by comparing with vehicle control by Kruskal-
Wallis test followed by Dunn’s multiple comparison test.
Plasma steroid levels at the first day of P4 surge were
compared with those of the previous day by paired ¢-test.
Changes in tendril length and diameter, and changes in
areas of tendril components and secretory tubules were
analyzed by one-way ANOVA followed by Tukey’s mul-
tiple comparison test. Correlation between diameters of
tendrils and areas of tendril components, and between
diameters of tendrils and areas of secretory tubules were
analyzed by Pearson correlation test. Normality of sam-
ples was confirmed prior to ANOVA. P values <0.05 were
considered statistically significant. All analyses were per-
formed using Prism Ver. 9 for Windows (GraphPad Soft-
ware, San Diego, CA, USA).

Results

Establishment of in vivo steroid administration protocol
Our previous study showed that the increase in plasma
P4 occurs prior to the appearance of capsulated eggs,
and the high P4 levels were maintained for 2 days [4]. To
reproduce the continuous high circulating P4 levels, we
adopted an implantation protocol that was previously
used in goldfish, where steroid dissolved in sesame oil was
filled in a porous silicone tubing [31]. Circulating level of
P4 was less than 1 ng/mL in a non-breeding catshark,
and implantation of 8 cm silicone tubing containing P4
increased the circulating level of P4 sharply after 1 h and
the level peaked on day 1 (Fig. 1). The high P4 level was
maintained for at least 3 days while the implanted tub-
ing remained in the abdominal cavity, but the plasma P4
level rapidly decreased to the initial low level 24 h after
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Fig. 1 Changes in plasma steroid levels following the implantation of silicone tubing filled with P4. Non-breeding mature female catshark was used
in this experiment. Note that plasma P4 level sharply increased following the implantation, while the level rapidly decreased to the initial low level

after the removal of silicone tubing

the removal of tubing (Fig. 1). The implantation of P4 did
not affect plasma levels of T or E2 (Fig. 1).

Effects of sex steroid implantation

In the initial investigation, we examined effects of P4
administration by monitoring ovulation and encapsu-
lation with non-lethal ultrasound. In this experiment, a
breeding catshark was implanted with a P4-containing
8-cm silicone tubing for 2 days followed by removal of
the silicone tubing for 5 days to mimic the P4 surge that
occurs in a natural egg-laying cycle. However, no obvi-
ous change such as appearance of newly encapsulated
eggs was observed for 7 days. Therefore, we dissected the
implanted individual on day 7, and we found dark, swol-
len oviducts in the abdominal cavity (Fig. 2A). Dissec-
tion of oviducts revealed that the dark-colored materials
inside the oviducts were tendrils (Fig. 2B, C). Besides the
long and coiled tendril, no egg or egg-capsule wall were
found in the oviducts (Fig. 2B).

In the second experiment, catsharks at low endog-
enous plasma P4 were implanted with P4 silicon tubing
and then sampled 1, 2, and 5 days thereafter. Plasma P4
levels were significantly increased by the P4 implanta-
tion (Table 1). No changes were observed in plasma E2
and T levels after the P4 treatment, although plasma E2
levels tended to decrease following the implantation of

P4 for 5 days (Table 1). As the vehicle control, a sesame
oil-containing tubing was implanted into the abdominal
cavity. No changes were observed in plasma P4, E2, or T
levels by vehicle treatment for 2 days. Plasma P4 levels of
P4-implanted individuals (days 1 and 2) were significantly
higher than those of vehicle-treated individuals (Table 1).
The increased P4 levels ranged from 42 ng/mL to 98.8 ng/
mL (Supplementary Table 1), except for individual No. 7
(163.9 ng/mL). The elevated levels were within the physi-
ological range as the plasma P4 levels can be increased to
at least 75 ng/mL under the natural P4 surge [4].

In all P4-treated catsharks, tendrils were com-
monly observed forming from the middle portion of
the oviducal gland (Fig. 3). Meanwhile, the length and
diameter of tendrils altered with duration of implan-
tation (Figs. 3 and 4). On the first day of P4 implanta-
tion, the formed tendrils were too thin (51.0+11.8 um)
to be observed without a microscope (Fig. 3B-D). On
day 2, the tendrils greatly thickened to 385.9 +48.4 um
(Figs. 3F-H and 4B), and elongated into the oviducts
(Figs. 3E, F and 4A). The tendrils were further elongated
on day 5; the long and coiled tendrils were observed in
the oviducts (Figs. 31 and 4A). On the other hand, the
diameter of tendrils decreased on day 5 and returned
to levels similar to those on day 1 (Figs. 3]-L and 4B).
Consequently, the tendrils on day 5 were composed of
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Fig. 2 Effects of P4 implantation in the initial experiment. A Dark-colored, swollen oviducts were found in the abdominal cavity. B Long and coiled
tendrils were found in the oviduct. C Egg-capsule of cloudy catshark. Arrows indicate tendrils extending from the four corners of egg-capsule. Scale

bars, 1 cm

Table 1 Plasma steroid levels before and after steroid (P4, T, E2) or vehicle (V) implantation

P4 (ng/mL) T (ng/mL) E2 (ng/mL) Tendril
Before After Before After Before After

P41 day 06+03 822+37""1 18406 34+09 187473 165+58 4/4

P4 2 days 16+06 925+170"1 56+22 50419 297+79 220+59 5/5

P4 5 days 30+16 537460 120+7.7 10664 305+9.1 10.1+£45 3/3

P4 2 days 0.5+0.2 234469 71426 37409 252460 155445 3/3

2-cm tubing

T2 days 1.1+00 09+03 109452 16114390 2444125 290+11.0 0/3

E2 2 days 44401 31424 84+18 101+18 311432 5424357 1/4

V 2 days 12401 11404 73433 80+32 185423 155422 0/3

Values are expressed as mean + S.E.M. ¥, ** and *** denote significant differences in plasma steroid levels before and after the implantation (P<0.05, 0.01, and 0.001,

respectively). T denotes significant difference from vehicle control (P<0.05)

three parts: the initial thin portion (black arrowheads
in Fig. 3E and I insets), the middle thick portion (black
arrows), and the posterior thin portion (white arrow-
head). Tendril formation was not observed in vehicle-
treated individuals.

(See figure on next page.)

To examine dose-dependent effects of P4 implantation,
a shorter 2-cm silicone tubing was used. After 2 days of
implantation, plasma P4 levels increased to 23.4+6.9 ng/
mL, which corresponds to approximately one-fourth the
P4 concentration in individuals implanted with 8-cm

Fig. 3 Tendril formation in the oviducal gland after P4 implantation. Day 1 (A-D), day 2 (E-H), and day 5 (I-L) of P4 implantation. A, E, | The whole
view from the oviducal gland (OG) to the upper (uOD) and lower (IOD) oviducts. The oviducal gland and the lower oviduct were cut longitudinally
to expose formed tendrils. Black arrowheads, black arrows, and white arrowhead represent the initial thin portion, the middle thick portion, and the
posterior thin portion of the formed tendrils (insets in E and 1) (B, F, J) Magnified view of the oviducal gland. Tendrils (arrowheads) were extended
from the middle portion of oviducal glands. C, G, K Stereomicroscope images of the formed tendrils (arrowheads). D, H, L Observation of the
formed tendrils (arrowheads) using a scanning electron microscope. Note that the diameter of tendrils considerably increased on day 2 (H), and
then decreased on day 5 (L). Scale bars, 5 cm (A, E, I), 1 cm (B, F, J), 1 mm (C, G, K) and 300 um (D, H, L)
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Fig. 3 (Seelegend on previous page.)
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Fig.4 Changes in length (A) and diameter (B) of tendrils following
the implantation of P4. Different letters denote significant differences
in length and diameter (P<0.05)

tubing for 2 days (Table 1). Tendril formation was also
observed in those individuals implanted with 2-cm P4
tubing (Table 1). The length of tendrils was similar to
that of individuals implanted with 8-cm tubing for 2 days
(Fig. 4A). The tendril diameter of individuals implanted
with 2-cm tubing tended to be smaller than that of indi-
viduals implanted with 8-cm tubing, although there
was no significant difference due to the large variation
(Fig. 4B).

Effects of T and E2 were examined by implantation
of 8-cm silicone tubing containing T or E2 for 2 days
(Table 1). Plasma T levels before the implantation were
10.9+5.2 ng/mL. Plasma T levels increased 15-times
after the implantation, while no change was observed in
plasma P4 or E2 levels (Table 1). Tendril formation was
not observed in any T-treated catsharks (Table 1).

Plasma E2 levels were significantly increased by the
E2 implantation (Table 1). No changes in plasma P4
or T levels were observed following the E2 treatment.
Among four individuals examined, only one individ-
ual (No. 25) was found to have tendrils in the oviducal
glands and oviducts (Table 1, Supplementary Table 1).
The plasma P4 level of individual No. 25 was 15.4 ng/
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mL even prior to the E2 implantation (11.3 ng/mL after
E2 implantation; Supplementary Table 1). This concen-
tration was higher than that in individual No. 13, in
which 2-cm P4-containing silicon tubing was implanted
for 2 days (8.9 ng/mL; Supplementary Table 1), and
thus the tendril formation may not have been related to
implantation in this case.

No significant correlation was detected between
plasma P4 levels and tendril diameter (Fig. 5; r=0.19,
P=0.088). All catsharks with plasma P4 levels over 8 ng/
mL produced tendrils, while vehicle-, T-, or E2-implanted
individuals, in which plasma P4 levels were less than
3 ng/mL, did not produce tendrils.

Tendril formation during naturally induced P4 surge

As we found that P4 treatment induces tendril forma-
tion, we examined the tendril formation in the oviducal
glands among the catsharks under the endogenous P4
surge during the natural egg-laying cycle. To determine
the beginning of the P4 surge, we conducted daily P4
measurement. The plasma P4 concentration on the first
day of P4 surge was 27.1 +2.0 ng/mL (N=4), which was
significantly higher (P<0.01) than that on the previous
day (0.7+0.2 ng/mL) (Supplementary Table 2). Among
these individuals, thin (43.2+7.1 pum), short tendrils
were found in the oviducal glands (Fig. 6A, B). These
tendrils had characteristics similar to those of catsharks
implanted with P4 for 1 day (diameter, 51.0+11.8 pm;
Fig. 4B). Except for the tendrils, egg capsules or ovulated
eggs were not found in the reproductive tracts on the first
day of endogenous P4 surge.

In addition to sampling on the first day of endogenous
P4 surge, sampling of catsharks was conducted on the
day the capsulated eggs were found in the oviducts or
on the day after. Our previous study indicated that cap-
sulated eggs appear in the oviducts approximately 3 days
after the onset of P4 surge [4], and therefore we sampled
the individuals 3 or 4 days after the onset of endogenous
P4 surge. In these individuals, thick tendrils were found
to be extended from the oviducal glands (Fig. 6C, D), and
connected to the egg capsule with fertilized eggs in the
oviducts. The thickness of tendrils (453.5+150.8 pm;
Supplementary Table 2) was similar to that in individuals
implanted with P4 for 2 days (385.9 +48.4 um; Fig. 4B).

Histological observation of tendril-forming area

in oviducal glands

The oviducal gland of cloudy catshark could be divided
into at least three zones based on histochemical charac-
teristics: 1) club zone, 2) baffle zone, and 3) terminal zone
(Fig. 7A, B). The club zone was intensely stained with
PAS. The club zone and the terminal zone were located
in the rostral and caudal parts of the oviducal gland,
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respectively (Fig. 7A, B). Meanwhile, the baffle zone was
situated in the middle portion of the oviducal gland with
numerous baffle plates and plateaus (Fig. 7A, B). The baf-
fle zone was densely filled with secretory tubules, which
were intensely stained with eosin (Fig. 7B, E, F). In the
baffle zone of P4-implanted individuals, eosin-positive
components were secreted from the interspaces between
the baffle plates (Fig. 7C, D) at the posterior-most part of
the baffle zone and passed through the spaces between
the plateaus (Fig. 7C, D) to form an eosinophilic tendril
(arrows in Fig. 7B, I).

A striking feature of P4-implanted individuals was the
large amount of eosinophilic materials that were secreted
into the lumen of secretory tubules in the baffle zone
(Fig. 7]). On day 1 of P4 implantation, small amounts of
eosinophilic materials were found in the lumen of some
tubules (Fig. 7H). At this stage, secretory cells were
intensely stained with eosin, but the stainability of cyto-
plasm by eosin decreased at the basolateral side (Fig. 7H).
Such a phenomenon was not observed in vehicle-
implanted individuals (Fig. 7F).

On the second day of P4 implantation, the lumina of
secretory tubules were filled with large amounts of eosin-
ophilic materials (asterisks in Fig. 7J). The lumina are

connected to the spaces between baffle plates (Figs. 7C,
D), indicating that the eosinophilic material is composing
the tendril. At this stage, the intensity of eosin staining
in the secretory cells was remarkably decreased; intense
eosin staining was evident only in the apical side of the
secretory cells (Fig. 7J). On day 5, the amount of eosino-
philic materials was decreased both in the lumen and in
secretory cells (Fig. 7L).

Large amounts of eosinophilic materials were also
found in the lumina of secretory tubules at the baffle
zone of intact individuals on the first day of egg-carry-
ing (Fig. 7M, N), which likely corresponded to the stage
3 days after the P4 surge. In the secretory cells of these
individuals, intense eosin staining was found only at the
apical region of cytoplasm (Fig. 7N).

As the histochemical results showed that the secre-
tion of tendril materials (eosinophilic materials) changed
depending on the length of P4 implantation, the area of
eosinophilic materials in the lumen was measured. The
area of eosinophilic materials significantly increased
on day 2 and then decreased on day 5 after the P4
implantation (Fig. 8A). The area of eosinophilic mate-
rials was highly correlated to the diameter of tendrils
(Fig. 8B). Meanwhile, the area of secretory tubules was
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Fig. 6 Tendril formation in the oviducal gland during the
naturally-progressing egg-laying cycle. A, B The individual
representing the first day of P4 surge. C, D The catshark in which
capsulated eggs appeared in the oviducts. This individual probably
represents the third day of P4 surge. A, C Magnified view of the
oviducal gland. Tendrils (arrowheads) were extended from the middle
portion of oviducal glands. B, D Observation of the formed tendrils
(arrowheads) using a scanning electron microscope. Scale bars, 1 cm
(A, €) and 300 um (B, D)

not significantly different among all of the time points
(Fig. 8C). A moderate level of correlation was detected
between the area of secretory tubules and the diameter of
tendrils (Fig. 8D).

Discussion

In the present study, we demonstrated for the first time
that P4 implantation induces tendril formation in vivo
in cloudy catshark. Recently, we revealed that a P4 surge
occurs prior to egg capsule formation in the egg-laying
cycles of catshark by concomitant monitoring of the egg-
laying cycle with ultrasound and measuring of plasma sex
steroids [4] (Fig. 9). Increases in plasma P4 levels prior
to ovulation/egg capsule formation were also suggested
for several other elasmobranchs [27, 32, 33], and thus we
considered that P4 likely contributes to oocyte matura-
tion, ovulation, and egg capsule formation [4]. We further
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demonstrated that tendril formation occurs on the first
day during the naturally induced endogenous P4 surge,
prior to ovulation and fertilization. In lesser spotted
dogfish, the process of egg capsule formation was inves-
tigated in detail; the initial step of egg capsule forma-
tion is the formation of posterior tendrils [34, 35]. Taken
together, these facts indicate that the P4 surge during the
egg-laying cycle in catshark most likely initiates the egg-
capsule formation in the oviducal gland (Fig. 9).

Tendril formation was not induced by T or E2 implan-
tations except in one E2-implanted individual. Plasma
steroid measurements showed that the plasma P4 level
of this individual (No. 25) was 15.4 ng/mL prior to the
E2 implantation, and this P4 value is higher than aver-
age basal value of plasma P4. These results suggest that
this individual (No. 25) was at the stage of endogenous
P4 surge before E2 implantation, and possessed sufficient
P4 to induce tendril formation. In immature lesser spot-
ted dogfish, Dodd and Goddard [25] reported that long-
term treatment with E2 (about 6 months) induced large
production of tendrils in the oviducts. Although plasma
steroid levels were not measured in the study of lesser
spotted dogfish, plasma P4 levels might have increased
at some points during the prolonged E2 administration,
which stimulated the tendril formation. Collectively,
the tendril-inducing function is likely specific to P4,
and further studies are required to confirm whether the
P4-dependent tendril formation is conserved in other
elasmobranchs.

In oviparous little skates, the occurrence of unusual
egg-capsule morphology (i.e., unusually long anterior
horns) was reported in a P4-treated individual [36]. The
horns of little skate are ornamental parts of the egg cap-
sule extending from the four corners of the egg capsule
wall [37]. Based on the structural similarity, the elongated
horns of the P4-treated little skate are similar to the ten-
drils in P4-implanted cloudy catshark. The similar results
between Selachii (sharks) and Batoidea (rays and skates)
indicate that P4 could be commonly involved in the egg
capsule formation in oviparous elasmobranchs.

Secretion of tendril-forming materials in the oviducal
gland stimulated by P4

The oviducal gland is the organ responsible for egg cap-
sule formation and is composed of multiple regions with
different functions [38—40]. In the present study, at least
three regions (club zone, baffle zone, and terminal zone)
could be clearly distinguished in the oviducal gland of
cloudy catshark. The club zone secretes egg jelly to sur-
round the fertilized egg in the egg capsule [41, 42], while
the terminal zone was shown to be the location for sperm
storage [41, 43]. On the other hand, the baffle zone (or “D
zone” by Rusaouen [39]) is filled with numerous secretory
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Fig. 7 Histological investigation of oviducal glands. A, B Sagittal sections stained with AB/PAS (A) and HE (B). CZ, club zone; BZ, baffle zone; TZ,
terminal zone; P, plateaus. C, D Magnified view of baffle plates (BP) and plateaus (P) of the section in (B). E to N Posterior portion of the baffle zone
(E, G, I, K, M) and magnified views of secretory tubules (F, H, J, L, N). E, F Vehicle treatment for 2 days. (G, H) P4 administration for 1 day using 8 cm
tubing. (I, J) P4 administration for 2 days using 8 cm tubing. (K, L) P4 administration for 5 days using 8 cm tubing. M, N The individual having the
capsulated eggs in the oviducts, which probably represents the third day of P4 surge. Square frames with solid line represent the magnified areas
in (F, H, J, L, N). The areas of tendril components (*) and secretory tubules in the square frames with dotted line were measured in Fig. 8. Arrows
indicate tendrils. Scale bars,1 mm (A, B), 200 um (C), 100 um (D), 500 um (E, G, I, K, M), and 50 um (F, H, J, L, N)

tubules. The major component of elasmobranch egg cap-
sules including tendrils is collagen, and the secretory
tubules in the baffle zone were reported to secrete colla-
gen to form the egg capsule [35, 44—46]. In the present
study, the baffle zone of catshark was intensely stained
with eosin. Eosin is an acidic dye and stains collagen [47,
48], and the tendrils were eosinophilic (Fig. 7B).
Following the P4 implantation, eosinophilic materials
were secreted into the lumen of secretory tubules in the
baffle zone. The sagittal view of secretory tubules showed
that the tubules were connected to the baffle plates and
plateaus in the caudal part of the baffle zone (Fig. 7B-D).
The eosinophilic materials were secreted from the space
between the baffle plateaus to the lumen of the ovidu-
cal gland to form a tendril. Eosinophilic materials were
sparse in the secretory lumen on day 1 after P4 implan-
tation, and significantly increased on day 2, a pattern
that was positively correlated with the changes in tendril
diameters. Therefore, our results suggest that P4 induces

tendril formation by stimulating the secretion of collagen
from the epithelial cells of secretory tubules in the baffle
zone.

The collagen secretory process was examined by elec-
tron microscopy in lesser spotted dogfish [35, 49, 50].
Collagen is stored in vesicles in the epithelial cells of the
secretory tubules. The vesicles then migrate to the api-
cal pole and are secreted into the lumen of the secretory
tubule by exocytosis. In the present study, eosinophilic
materials were distributed evenly in the cytoplasm of
epithelial cells of vehicle-implanted individuals. With P4
implantation, eosin-positive staining was decreased at
the basolateral region of epithelial cells on day 1. On day
2, eosin-positive areas were further decreased and were
limited to the apical region of the epithelial cells, indicat-
ing that P4 stimulated the merocrine secretion of stored
collagen vesicles into the lumen and intracellular trans-
port of vesicles from basolateral to apical regions. On day
5 of the P4 implantation, weak eosin signals were found
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Fig. 9 Schematic diagram representing the egg-laying cycle of cloudy catshark. Note that oocyte maturation, ovulation, fertilization, and tendril/
egg-capsule formation occur during approximately 5 days following the P4 surge. The present study revealed that P4 administration induces tendril
formation. Following egg-laying, females can fertilize the next ovulated eggs using stored sperm without further mating
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only in the vicinity of the apical pole of epithelial cells,
suggesting that the secretory cell was in a “spent” status,
in which the production rate could not catch up to the
releasing rate.

Why did P4 only induce tendril formation?

In the present study, P4 stimulation only induced ten-
dril formation. This result was unexpected because P4
surge occurs prior to ovulation, fertilization, and egg
capsule formation (Fig. 9). Stimulation of follicular rup-
ture by P4 was reported in birds at ovulation [51]. P4 or
progestins (DHP and 20f-s) induce oocyte maturation
in amphibians and teleosts, respectively [15, 52, 53]. In
lizard, a reduction in P4 levels by removal of corpora
lutea resulted in reduced egg weight and disrupted egg-
shell formation [54]. In lesser spotted dogfish, Feng and
Knight [35] reported that egg capsule formation com-
mences with the production of the tips of posterior ten-
drils at the tendril-forming regions in the baffle zone of
oviducal gland, and that activation of the tendril-forming
regions spreads toward the anterior direction in the baffle
zone to form the thicker parts of tendrils. The production
of the tips and the thicker parts of tendrils was similar to
our results of day 1 and day 2 of P4 treatments, respec-
tively. In the natural egg capsule formation, the wave of
activation was considered to spread to regions respon-
sible for capsule wall formation [35]. It is possible that
the tendril-forming region and the capsule-wall-forming
region respond to P4 differently, and thus we are inter-
ested in exploring the expression and localization of P4
receptor(s) within the baffle zone of the oviducal gland
in the future. Although both genomic and non-genomic
pathways via various types of P4 receptors are known
in vertebrates [55, 56], gene repertories and expres-
sion patterns of P4 receptors have not been examined in
elasmobranchs.

Our results suggested that other factors (hormones)
may be required for the formation of the entire egg cap-
sule and ovulation. During the natural egg-laying cycles
of cloudy catshark [4] and little skate [27], the occurrence
of the P4 surge was preceded by a decrease in plasma
T level, while plasma E2 levels did not show significant
fluctuation during the egg-laying cycle. In the present
study, the P4 treatment tended to lower plasma E2 lev-
els, while plasma T was maintained at high levels during
the P4 implantation. Although E2 and T implantations
alone had no effects on ovulation or egg capsule forma-
tion, appropriate combinations of P4, E2, and T may be
crucial for the formation of the entire egg capsule and
ovulation. Further investigations including simultaneous
administration of steroids in vivo or in vitro are expected
to clarify their roles. In addition, the LH surge triggers
oocyte maturation and ovulation in vertebrates [16, 57].
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In cartilaginous fishes, fluctuations of FSH and LH dur-
ing reproductive cycles remain to be clarified, including
a possible relationship between LH and P4 surge. Synthe-
sis or purification of homologous FSH and LH will be an
important step to pave the ways for physiological studies
of the hypothalamo-pituitary—gonadal axis in cartilagi-
nous fishes.

During the natural egg-laying cycles, a transient and
significant rise in plasma P4 was observed 2 days prior
to the appearance of capsulated eggs in the oviducts [4].
Therefore, we postulated that the transient rise in plasma
P4 may be important for the formation of the egg cap-
sule. Some may argue that the decrease of plasma P4 was
related to the capsule formation. However, in the initial
experiment, the P4 implantation for 2 days followed by
removal did not produce the entire egg capsule (Figs. 1
and 2), implying that the decrease in plasma P4 is not a
stimulus for egg capsule formation. To confirm this idea,
detailed investigation using a 2-cm tubing would be pref-
erable in the future, because the use of 8 cm tubing led to
slightly higher plasma P4 levels than those of the natural
P4 surge (75 ng/mL) (Supplementary Tables 1 and 2; [4]).

In mammals, P4 secreted from the corpus luteum is
important for the proliferation and thickening of endo-
metrium and the maintenance of pregnancy [58, 59]. In
viviparous elasmobranchs, plasma P4 levels are high in
early- to mid-gestation, implying that P4 may also be
important in the maintenance of pregnancy in elasmo-
branchs [22, 26]. On the other hand, P4 treatment accel-
erated the time to oviposition, and the egg capsule under
P4 stimulation was much darker than normal egg capsule,
suggesting that P4 may affect capsulated egg retention
and tanning [36, 60]. In the present study, six out of the
11 individuals (54.5%) laid eggs within 2 days following
the implantation of P4 for 2 or 5 days, while no individu-
als laid eggs following the implantation of T or vehicle for
2 days (six individuals) (Supplementary Table 3). With
regard to E2 implantation for 2 days, two out of four
individuals laid eggs on day 2, and one of them had high
plasma P4 levels (Supplementary Table 3). Therefore, our
results also suggest that P4 might act on the oviducts and
accelerate oviposition in cloudy catshark.

Conclusion and perspectives

We revealed here for the first time that the elevated
P4 during the egg-laying cycle induces tendril forma-
tion, the initial step of egg capsule formation in cloudy
catshark (Fig. 9). Recent overexploitation and global
environmental changes have seriously affected the abun-
dance of oceanic sharks and rays, bringing approxi-
mately one-third of shark and ray species into threat of
extinction [61]. Therefore, knowledge of elasmobranch
reproductive physiology is essential to guide future
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strategies for conservation of elasmobranchs. Although
further studies are necessary for unraveling the mecha-
nisms regulating the various steps from oocyte matu-
ration to egg encapsulation, the present results are a
significant achievement in understanding the endo-
crine control and mechanisms of reproductive events in
elasmobranchs.
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