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Key Words: Using three species of Korean frogs (Rana dybowskii, R. rugosa and R.
Testicular cycle nigromaculata), the annual spermatogenic pattern, the seasonal changes
Spermatogenesis in the steroidogenic competence, and responsiveness of testis to gona-
P 9 dotropins in terms of testosterone secretion in vitro were examined. The
Testosterone spermatogenic pattern of R. dybowskii was classified as a discontinuous
Gonaggtropln type since spermatogenesis stops completely after spawning in late
Amphibians winter (February) until mid-summer (July). In contrast, the pattern of R.

nigromaculata and R. rugosa was classified as a potent continuous type
since sperm was always present in the seminiferous tubules all year
round. In all three species, the levels of testicular testosterone and that
of testosterone secreted by testis following in vitro culture were very low
in late summer (August), but increased thereafter until winter (hibernation
period). Interestingly, responsiveness of testis in vitro to gonadotropins
in terms of testosterone secretion increased markedly in November (early
hibernation period). Specifically, bullfrog LH was more effective than FSH
in stimulating the secretion of testosterone by frog testis in vitro during
hibernation period. This fact suggests that testosterone secretion by
testis during hibernation is at least regulated by the pituitary gonado-
tropin rather than environmental factors. Taken together, the data pre-
sented here suggest that testicular cycles of three species of Korean
frogs are closely linked to their females breeding cycles, and are
eventually controlled by various environmental cues.

Most lower vertebrates have an annual reproductive
cycle. In males, the testis weight increases markedly
during the period of active spermatogenesis and de-
creases after breeding season. These cyclical fluctu-
ations are in part due to the changes in the rate of
androgen biosynthesis by the Leydig cells in testis.
The androgen synthesis was known to be controlled
by the level of the tropic gonadotropins in circulation
and by the responsiveness of Leydig cells to luteini-
zing hormone (LH) (for reviews, Lofts, 1984; Whittier
and Crew, 1987; Hardy et al,, 1992)

In amphibians, testicular cycles were analyzed by
examining the changes in testis weight, distribution of
gonadal cells, spermatogenic pattern, and seasonal
variations of testosterone secretion. Many inves-
tigators have reported that the amphibian testicular
cycle was influenced by various environmental factors
such as temperature and photoperiod, as observed
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in other seasonal breeding vertebrates through the
hypothalamo-pituitary-gonadal axis (for review, Pan-
iagua et al., 1990).

Particularly, in temperate amphibians, spermato-
genesis was known to occur most actively just prior
to breeding season, and to completely stop or
depress for certain period after breeding period.
Thus, spermatogenic patterns of male frogs well
coincide with oocyte growth and spawning of female
frogs. The seasonal fluctuation of testosterone levels
has been well described in several amphibians such
as R. catesbeiana (Licht et al.,, 1983), R. esculenta
(Pierantoni et al., 1984a), Ambystoma tigrium (Norris
et al, 1985), R.perezi (Delgado et al.,, 1989), and
Bufo japonicus (Itoh et al.,, 1990). As observed in
other vertebrates, synthesis of testosterone is pre-

sumed to be controlled by the hypothalamus-
pituitary-gonadal axis in Rana. In R. esculenta,
Fasano et al. (1988; 1993) reported that the

seasonal fluctuation of gonadotropin-releasing hormone
(GnRH) is well correlated with the plasma testo-
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sterone level. It was also well known that testicular
testosterone level increased in parallel with the
increase in the cell number, the nuclear size of
interstitial cells, and the cellular organelles in the
testicular interstitial tissues (Hardy et al, 1992).
However, limited information is available for go-
nadotropin action on testis function in amphibians and
only two species of animals, Bufo japonicus (ltoh et
al., 1990) and R. catesbeiana (Licht et al., 1983),
were thoroughly investigated. In these studies, levels
of gonadotropins and androgen did not exhibit the
overall reciprocal relationship, which was expected
from the feed back mechanism of pituitary-gonadal
axis. In toad, however, plasma follicle stimulating
hormone (FSH) level was found to be associated
with testicular weight and plasma LH level with
plasma androgen levels. However, the regulation
mechanism of the biosynthesis and secretion of
testicular testosterone by gonadotropins in most tem-
perate frogs was not clearly understood.

In order to assess the role of gonadotropins in
regulating the testicular activity and to elucidate the
regulatory mechanism of breeding cycle in frogs, we
tried to analyze the annual testicular cycle of Korean
frogs by examining spermatogenic patterns, ster-
oidogenic competence of testis, and responsiveness
of testis to gonadotropins using three species of
Korean frogs.

Materials and Methods

Animals

Male frogs of three species (R. dybowskii, R.
nigromaculata and R. rugosa) were collected year-
round from fields in the Chonnam area, a south-
western part of Korean peninsula. Frogs were col-
lected at least more than once per month. Frogs
were kept in plastic boxes containing tap water and
kept in a room without heating and lighting. Male
frogs of R. nigromaculata were kept under soil dur-
ing hibernation period. The habitat, breeding season,
and reproduction pattern of three frogs were de-
scribed in detail elsewhere (Kwon et al,, 1989, 1991,
Yoo et al., 1995).

Classification of spermatogenic stages

The testis was fixed in 4% neutral buffered para-
formaldehyde (NBP) for 24 - 48 h, embedded in para-
plast (Sigma), and sectioned into 5-6um with a
rotatory microtcme (American Optical). The sections
were stained with Delafield’s hematoxylin and eosin.
By microscopical observations, the gonadal cells in
seminiferous tubules were divided into five classes
depending on the formation of gonadal cysts, cell
number in cysts and the nuclear size of spermat-
ogenetic cells as described previously (Rastogi et al,,
1983). The five classes are the following: primary sper-
matogonia (PSG), secondary spermatogonia (SSG),
primary spermatocyte (PSC), secondary spermatocyte
(SSC), and spermatid (ST). PSG was located indi-
vidually at the basal membrane in the seminiferous
tubule and did not form a cyst. Nuclear size of PSG
was in the range of 15-21um in diameter. Two to 8
cells of SSG were contained in a cyst and the
nuclear size was in the range of 9-12um in
diameter. Nine to 12 cells of PSG were contained in
a cyst and nuclear size was in the range of 6-9um.
17 - 32 cells of SSC (4.5-6 um) were contained in a
cyst. Finally, ST having 1.2-3um of nuclear size
was presented in a cyst consisting of 33 -64 cells.
Based on this grouping, seminiferous tubule of testis
were arbitrarily categorized into five stages (I~V)
according to the distribution pattern of sperma-
togonia, gonadal cysts containing spermatogenic
cells, and sperm in seminiferous tubules of testis.
Characteristics of each stage are described in detail
in Table 1.

Testis culture in vitro

Testis isolated from adult male was thoroughly rinsed
with Amphibians Ringer (AR) to remove blood debris.
The rinsed testis was sliced into a small size (1x1
x 2 mm) under a stereomicroscope (Kobayashi et al.,
1989). The testis slices were put into 24-well culture
dish (Nunc) containing 2ml of AR per well and
cultured in a shaking-incubator (25°C, 80 oscil-
lations/min). Frog pituitary homogenate (FPH) was

Table 1. Classification of spermatogeriic stage in the seminiferous tubules of testis

Class Spermatogenic stage

Character

I Immature

Gonadal cysts are filled with spermatogonia cells and the number of cysts increases
steadily. Spermatocytes and sperms are not observed in seminiferous tubules.

Spermatogenic cells of all developing stages and few sperms appear, but seminiferous
I Early spermatogenesis lumen is not formed yet. Number of spermatocyte and spermatid increases but
spermatogonia decrease.

1n Late spermatogenesis
v Spermiation seminiferous tubules.
v Post-spawning

All developing spermatogenic cells are present abundantly and the lumens are already
formed into seminiferous tubules. However, sperms do not move into lumen.

Lumens are filed with sperms, and a few of the developing gonadal cysts remain in

Most of sperms disappeared and the some residual sperms are found in the seminiferous
lumen. Some of new developing primary spermatogonia cells begin to appear.




prepared and the doses of FPH were chosen on the
basis of our previous data obtained from several
species of Rana (Kwon and Shuetz, 1985; Kwon et
al., 1989). The purified bullfrog LH and FSH were a
kind gift of Dr. S. Ishii (Waseda University, Tokyo,
Japan)

Radioimmunoassay of testosterone

The levels of testosterone secreted by testis slices
during culture in media or testicular testosterone
were measured by radicimmunoassay. Culture media
were saved and kept in a deep freezer (-30°C) until
assayed. Testosterone in testis was extracted by em-
ploying the procedures described by Pierantoni et al.
(1984a). Briefly, testis tissue was homogenized with
an ultrasonicator at 20 KHz for 1 min in methanol.
After centrifugation of 10,000xg at 4°C for 20 min,
the supernatant was collected, freeze-dried and
stored in -30C. Media were assayed directly without
further purification. The lyophilized methanol extracts
were reconstituted using gelatin phosphate-buffered
saline (GPBS).

Radioimmunoassay procedures were adapted from
the method utilized in previous studies (Kwon et al.,
1989; 1991). Labeled testosterone (1, 2, 6, 7-°H-test-
osterone, 98 Cifmmole) were purchased from Amer-
sham. The T antiserum was produced and qualified
by Dr. Y. D. Yoon (Hanyang University). The T anti-
serum cross-reacts 14% with 5a-dihydrotestosterone,
6% with 5d-androstenediol, 0.8% with androsten-
edione. Validation of testosterone RIA for frog go-
nads was described elsewhere (Kwon et al., 1991).
Each sample was quantified for trittum using a liquid
scintillation counter (Packard tri-carb 1500). Routinely,
two sets of steroid standards (1-500pg) were
included in each assay. The lower limit of assay
sensitivity was 5 pg/testis.

Statistical analysis of data was carried out by
using analysis of variance (ANOVA) or student's t-
test.

Results

Testicular cycle

To understand the annual changes of spermatogenic
activity in the three species of Korean frogs, we
analyzed the annual testicular cycle based on the
spermatogenic pattern. The stages of spermato-
genesis were classified into 5 stages as described in
Table 1 and the results are summarized in Fig. 1.

In R. dybowskii, the primary and the secondary
spermatogonia in the seminiferous tubule (immature
stage, stagel) appeared in August and the early
spermatogenesis (stage ll) occurred in September
and October. The late spermatogenesis (stage lll)
began to occur at October, and was most active in
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Fig. 1. Annual changes of spermatogenic stages in the three species
of frogs. Three species of male frogs (R. dybowskii, R. rugosa, and
R. nigromaculata) were collected through the year. Spermatogenesis
in the seminiferous tubules was examined and then divided into five
classes of spermatogenic stages according to Table |. Data were
obtained from 5 observations per animal using at least three frogs for
each month (at least, n=15} and expressed as percentage. {: Stage
|, immature stage ; [ :: Stage Il, early spermatogenic stage; “: Stage
Il, 14: Stage IV, spermiation stage; B Stage V, post-spawning stage.

November. The spermiation (stage |V) began to
occur in November and was very active until March.
Spermatogenesis stopped completely in April and this
immature stage continued until August when new
round of spermatogenesis started.

In R. nigromaculata and R. rugosa, the immature
stage was not observed and the early sperma-
togenesis stages started just after post-spawning
period (May) and continued until August or Septem-
ber. Late spermatogenesis occurred in September in
R. rugosa and in November in R. nigromaculata. The
spermiation started at early hibernation and con-
tinued until their breeding season. R. nigromaculata
showed a short post-spawning period in May. In
contrast, R. rugosa exhibited a long spawning period
(February through July), indicating that R. rugosa
had a relatively long breeding season.
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Fig. 2. Seasonal fluctuations of testicular testosterone levels in three
species of Korean male frogs. Frogs were collected each month from
August to January and the contents of testicular testosterone were
measured by radioimmunoassay. Each point represents average ng
testosterone per gram of testis tissue (mean + SEM, 4-5 animal per

month)

Taken together, the data suggest that R. nig-
romaculata and R. rugosa have a “potent continu-
ous spermatogenesis pattern”, in which sperm is
always observed within the seminiferous tubules all
year round, and R. dybowskii has a discontinuous
type because spermatogenesis completely stops after
spawning (March) until August.

Steroid secretion by testis obtained at different
seasons in vitro.

To elucidate the control mechanism of testicular
cycle in the Korean frogs, we examined the ability of
testosterone production by the testis in vitro and
their responsiveness to gonadotropins in terms of
testosterone secretion. In all three species of frogs,
testes were obtained from frogs collected in late
summer through winter when spermatogenesis occur-
red very actively.

Initially, testicular testosterone was measured with
frogs collected in each month (Fig.2). The amount
of testosterone was low until October and began to
increase markedly from November (early hibernation),
and consistently increased to high levels in January
(Fig. 2). In general, testicular testosterone increased
in parallel with the progress of later spermatogenesis
and spermiation as depicted in Fig. 1.

Testosterone secretion by the testis slices in vitro
in response to FPH was examined using frogs
collected in August and November. As shown in Fig.
3, the levels of testosterone in medium increased
markedly by 20 h of culture. Interestingly, testis slices
obtained in August secreted relatively low levels of
testosterone and did not respond to FPH stimulation.
In contrast, testis slices obtained in November
secreted higher levels of testosterone in response to
FPH than control. Thus, it is evident that FPH
stimulated the secretion of testosterone by testis
slices obtained in November, but not obtained in
August. A similar pattern of testosterone secretion
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Fig. 3. Time course of testosterone secretion by testis following in
vitro culture. The testis slices were obtained in August and Decem-
ber, and incubated in AR in the presence or absence of FPH (0.1
gland/ml). At designated time points, the culture media were collected
and the levels of testosterone were assayed. Each point indicates the
mean of three experiments.

was observed in the three species of frogs although
the levels of testosterone secreted varied among
species (Fig. 3).

On the basis of the above results, changes of
responsiveness of testis to different doses of FPH
were examined with the three species of frogs.
Testes were obtained from frogs collected between
August - December and cuitured for 20 h in the pre-
sence of various doses of FPH. After culture, levels
of testosterone in medium were measured. Testo-
sterone levels secreted by the testis were very low
until October in all the three species of frogs.
However, testis slices obtained in November secreted
higher levels of testosterone and those in December
secreted highest levels of the steroid in response to
various doses of FPH (Fig.4). Interestingly, those
testis slices obtained earlier than November did not
secrete testosterone in response to FPH. However,
testis obtained in December secreted much higher
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Fig. 4. Seasonal changes in the steroidogenic competence and
responsiveness of testis to gonadotropin in the secretion of testos-
terone. Testis slices were obtained from three species frogs during
the period through August to December. Testis slice were cultured for
20h in AR in the presence of various doses of FPH (0.011
gland/mi). The levels of testasterone in media were measured by
radioimmunoassay. Each bar in the figure represents average (mean
+ SEM) ng testosterone per g tissue (n=3).

levels of testosterone than control in response to
FPH in a does-dependent manner (Fig.4). Thus, the
data indicate that the ability of testosterone pro-
duction and secretion of testis varied seasonally and
that the responsiveness of the testis to gonadotropin
also changes seasonally. Particularly, it is notable
that testis obtained in November or December mark-
edly secreted testosterone in response to FPH when
later spermatogenesis and spermiation occurred actively.

To assess the role of gonadotrpins (LH, FSH) in
the secretion of testosterone, testis slices were cul-
tured in the presence of a purified bullfrog LH or
FSH, and the steroid levels in medium were mea-
sured (Fig.5). In all three species of frogs, the
bullfrog FSH failed to stimulate the secretion of
testosterone, but the builfrog LH significantly stim-
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Fig. 5. Effects of bullfrog FSH and LH on the secretion of testo-
sterone by testis slice culture in vitro. Testis slices were obtained
from frogs collected in December and incubated for 20h in AR in the
presence of various doses of bullfrog FSH and LH (1-100 ng/ml).
After culture, the levels of testosterone in medium are measured.
Each bar represents average (mean*SEM) ng of testosterone per g

tissue.
%: P ¢ 0.05 x%: P <0.01.

ulated the secretion of testosterone in a does-
dependent manner (P <0.05 or P <0.01) (Fig.5). Thus
it is evident that LH, but not FSH, stimulated
production of testosterone by testes in the three
frogs.

Discussion

Testicular cycles of Korean male frogs

In the present study, it was demonstrated that all the
three Korean frogs (R. dybowskii, R. rugosa and R.
nigromaculata) exhibited a typical testicular cycle of
temperate zone frogs. Thus, it is evident that their
spermatogenic patterns and breeding cycles are well
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adapted to the environmental conditions of their hab-
itat. In general, amphibian spermatogenesis begins
from the primary spermatogonia and is followed by
the formation of gonadal cysts containing the sec-
ondary spermatogonia. Thereafter, spermatogenesis
in cysts is synchronized depending on environmental
factors (van Tienhoven, 1983). In many amphibian
species, annual spermatogenic cycles were found to
be dependent on seasonal changes in environment
such as temperature and photoperiod (Lofts, 1984;
Whittier and Crew, 1987 ; Delgado et al., 1992)

In R. dybowskii, after spawning in February or
early March, spermatogenesis stopped completely
(post-spawning stage) for several months, then start-
ed again from late summer (August), indicating that
the guiescent period of spermatogenesis existed after
spawning (Fig. 1). In fact, no primary spermatogonia
cells were observed in the seminiferous tubules
during this period. This pattern has been defined as
a discontinuous spermatogenic type as seen in a
temperate frog, R. temporaria (Lofts, 1974). In
contrast, A. rugosa and R. nigromaculata exhibited a
continuous  spermatogenic pattern although the
amount of specific gonadal cells at certain periods
varied between them. Thus, these two species of
frogs did not exhibit a quiescent period of sperma-
togenesis through the year. This type of sperma-
togenesis has been reported in other temperate
amphibians such as R. esculenta and Bufo japonicus
(Rastogi et al., 1976; Moriguchi and lwasawa, 1987).

Analysis of testicular cycle made it possible to
estimate the exact breeding season of the three
species of Korean frogs: May in R. nigromaculata,
February in R. dybowskii, and May - July in R. rugosa.
These breeding seasons well coincide with those
estimated on the bases female reproduction (Kwon
et al., 1989, 1991; Yoo et al, 1995). Therefore,
testicular cycle is closely linked to the female ovarian
cycle in amphibians.

Testicular cycle and testosterone

In three species of Korean frogs, levels of testicular
testosterone and the ability of testis to secrete
testosterone in vitro were found to increase markedly
in November (Figs.2 and 3). Moreover, respon-
siveness of testis in vitro to gonadotropin increased
markedly at this season (Fig. 4). These data suggest
that the initial stages of spermatogenesis occurs
independent of testicular testosterone, and that the
later spermatogenesis and spermiation are controlled
by the steroid.

Similarly, in temperate amphibians, such as R.
esculenta and R. perezi, it has been shown that the
maximal levels of testicular testosterone appeared
during hibernation and very low levels appeared
during active period. These seasonal changes of
testicular testosterone seem to be under the controls
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of pituitary gonadotropin and environmental factors
such as temperature or photoperiod (for review, see
Paniagua, 1990). Although the seasonal fluctuation of
testicular testosterone was known to reflect the
number of interstitial cells, the fluctuation did not
reflect directly the spermatogenic activity (Pierantoni
et al., 1984a,b; Delgado et al., 1989; Itoh et al.,
1990).

Low temperatures and short light periods were
found to increase the plasma testosterone level of
frogs collected at early autumn or winter but not of
frogs collected at summer (lela et al, 1980). There-
fore, both temperature and light seem to infiuence
on the testicular activity. This idea is in accord with
our data showing that testicular testosterone
increased in November in Korean frogs.

The fact that gonadotropin stimulates the androgen
production by testis in frog was originally described
by Muller (1977). Thereafter, several investigators
have shown that the stimulation of gonadotropin is
not prerequisite for testicular functions. Several in-
vestigators have examined the relationship between
annual patterns of gonadotropin secretion and plas-
ma androgen level in amphibians (Licht et al., 1883;
ltoh et al., 1990). But they failed to find out a
constant positive correlation between the gonad-
otropins and gonadal activities (plasma testosterone
level). Thus it is likely that some other factors are
involved in the regulation of testicular androgen
secretion in amphibians.

Since Lofts (1961) has suggested the presence of
both FSH and LH in amphibian gonadotropins, this
two type of gonadotropins were purified in R
catesbeiana (Licht and Papkoff, 1976; Takahashi and
Hanaoka, 1981), Bufo japonicus (Takada and Ishii,
1986), and R. Pipiens (Farmer et al., 1977). Bullfrog
LH was shown to have the potency to stimulate
androgen secretion in the frog testis and bullfrog
FSH to stimulate spermatogenesis in R. pipiens
(Licht and Papkoff, 1976). In Ambystoma, it was
shown that FSH was responsible for spermato-
genesis and LH for the secretion of androgen (Norris
et al, 1985). This is in accord with our data
indicating that bullfrog LH but not FSH stimulated the
secretion of testicular testosterone in vitro (Fig.5).
Interestingly, testis responded to gonadotropin only
from November. Possibly, the increased responsive-
ness of testis to LH is closely linked to the appear-
ance or increase of LH receptors in testis. Further
studies are needed to address this possibility.

In summary, testicular cycles of three Korean frogs
were analyzed in detail for the first time in this
study. The data presented here gave us the infor-
mation about the progress of spermatogenesis
through the year in Korean frogs. In addition, it was
found that testicular testosterone were high in
hibernation period and responsiveness of testis to
gonadotropin exhibited seasonal variation, and testi-



cular cycles were closely linked to female ovarian
cycles.
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