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Abstract

Changes in testis size, histological status, and plasma levels of testosterone were monitored for males of three species of Western

Australian desert frogs, Cyclorana maini, Cyclorana platycephala, and Neobatrachus sutor during aestivation. The frogs were in-

duced to burrow and form cocoons soon after their capture and then disinterred at intervals in order to monitor changes in re-

productive activity of the testes. All stages of spermatogenesis were evident in active frogs, which were collected a few days following

rain from breeding choruses. Relative testis mass declined gradually in all species during the first 7 months of aestivation and then

increased significantly at 16–19 months in the two species for which extended data were available (C. maini and N. sutor). A decrease

in the number of sperm bundles 2–4 months after cocooning was associated with an initial increase in the number of free sper-

matazoa in all three species, which then returned to the levels seen in active animals after 7 months. Increases in the number of

primary and secondary spermatogonia were most evident in C. platycephala after 4–7 months of aestivation, but early stages of

spermatocytogenesis were evident in all species after 7 months of aestivation, especially in individuals that contained neither sperm

bundles nor mature spermatazoa. Changes in plasma testosterone levels correlated significantly with variations in the diameter of

the seminiferous tubules and the GSI, suggesting that this hormone plays a major role in controlling testicular recrudescence in

aestivating, cocooned, desert frogs. Data from this study show that, in the absence of any external cues, testicular recrudescence is

evident after approximately one year of aestivation in desert frogs which prepares them to breed again, once rain falls.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Climatic condition and habitat are known to be im-

portant factors controlling the breeding of the Am-

phibia. Anuran frogs in temperate regions usually breed

in spring (Main, 1968) but, in tropical and sub-tropical

areas, breeding may be prolonged over several months
and in some cases occur throughout the year (Lofts,

1987; Salthe and Mecham, 1974). Amphibians that oc-

cupy more arid areas tend to be opportunistic breeders

and spawn in response to rainfall (Bragg, 1945; Lofts,
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1984). In many amphibian species, reproductive cycles

vary according to climatic conditions and time of the

year and are associated with changes in plasma testos-

terone levels, testis structure and spermatogenesis

(Lofts, 1984, 1987; Rastogi, 1976; Rastogi and Iela,

1992; Whittier and Crews, 1987). Seasonal variations in

plasma testosterone levels and their role in male repro-
duction has been investigated in many anuran species

(Delgado et al., 1989; Guarino et al., 1993; Itoh et al.,

1990; Ko et al., 1998; Licht et al., 1983; Pierantoni et al.,

1984). Two patterns of testosterone changes have been

reported in different frog species: high plasma testos-

terone levels associated with active spermatogenesis

during the middle stage of hibernation and falling
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during breeding (Delgado et al., 1989), and plasma tes-
tosterone levels changing in parallel with changes in

spermatogenic activity (Rastogi et al., 1986). Thus,

changes in the testosterone level are not always associ-

ated with spermatogenic activity, or breeding, in frogs.

Western Australian desert frogs, Cyclorana platycep-

hala, Cyclorana maini, and Neobatrachus sutor, breed

following significant summer rains induced by tropical

cyclones. These animals burrow into soil during dry
conditions and have been classified as continuous ga-

metogenic frogs (van Beurden, 1979). Little research has

been done on spermatogenesis during aestivation in

these species, however, and gonadal sex steroids have

yet to be measured in any species. In this study, sper-

matogenesis changes and gonadal recrudescence have

been monitored, along with changes in plasma testos-

terone levels in these Australian desert frogs during
periods of induced aestivation. Our study demonstrates

that aestivating frogs held in the laboratory in the ab-

sence of any external cues, pass through a period of

atrophy lasting approximately a year, which is followed

by testicular recrudescence.
Fig. 1. Representative standard curve for the testosterone radioim-

munoassay with percent label bound versus standard ligand. Curve

fitting is by 4-parameter logistic equation with r2 ¼ 0:96.
2. Materials and methods

2.1. Frogs

Three species of Western Australian desert burrowing

frogs (C. maini, C. platycephala, and N. sutor) were

collected from an ephemeral creek (Lat 24�260S, Long
119�410E) in December 1999 following heavy rain about

70 km south of Newman, Western Australia. Frogs were
active on the surface and males were calling when col-

lected. Frogs were returned to Perth within 2 days, along

with soil collected at the capture site.

2.2. Experimental design

Frogs were sorted into their respective species and

randomly assigned to an �active� and an �aestivating�
group. The active group was processed within the first

week of capture and before any attempt had been made

by frogs to enter aestivation. C. maini, C. platycephala,

and N. sutor were induced to enter aestivation by plac-

ing them individually in plastic containers half filled

with soil collected at their site of capture and then

placed in a constant room temperature maintained at

20 �C and a 10/14 h light r�egime with no access to water.
Aestivation was considered to commence as soon as the

frogs burrowed below the soil surface which was nor-

mally within 2 days. Wherever possible, sub-samples of

6 frogs were disinterred at intervals (2, 4, and 7 months

for all three species and 16 and 19 months in the case of

C. maini and N. sutor), killed by pithing and then pro-

cessed. Due to attrition, it was not always possible to
include 6 individuals in each sub-sample and the actual
numbers processed are shown in each figure legend. All

changes over time were compared statistically with the

values recorded in active frogs.

2.3. Collection of plasma samples

Following cranial and spinal pithing of the frogs,

blood samples were withdrawn by cardiac puncture. The
samples were centrifuged using a Beckman Microfuge

(TM11). Decanted plasma was transferred to heparin-

ised capillary tubes and kept frozen at )20 �C until

analysis.

2.4. Radioimmunoassay of plasma testosterone

Testosterone was measured by radioimmunoassay,
using an antibody raised in rabbits against testosterone-

3-oxime-bovine serum albumin (Endocrine Sciences,

T3-125). The antiserum exhibited 100% binding with

testosterone and cross-reacted 52% with D1-testo-
sterone, 20% with dihydrotestosterone (DHT), 3.6%

with 4-androsten-3b, 17b-diol, 1.8% with 5a-androstan-
3b, 17b-diol, 0.5% with D4-andostenedione, 0.3% with

5bandrostan-3a, 17b-diol, and <0.15% with corticoste-
rone, aldosterone, dehydroepiandrosterone, oestradiol,

and progesterone. The tracer used was [1, 2, 6, 7-3H]

testosterone (Amersham TRK 402). Testosterone was

extracted from 10 ll of plasma with 2 volumes (each of

2.5ml) of diethyl ether in the presence of 0.05M borate

buffer, pH 8. The dried extract was incubated with an-

tibody at 37 �C for 45min followed by 3 h at 24 �C. The
bound radioactive fraction was separated by adsorption
to 5mg dextran-coated charcoal (Norit A, acid washed)

at 0 �C and counted in a liquid scintillation counter

(Packard Tri-Carb 2300 TR). Testosterone concentra-

tion was calculated using a 4-parameter logistic curve

after plotting standard amount of testosterone (T)

against % radioactivity bound (Fig. 1) the coefficient of

variation for the internal standard was 9.3%.
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2.5. Histological examination

After pithing, testes were removed, weighed using a

Sartorius balance (H 51), fixed in 10% buffered formal

saline solution and then embedded in wax. Six-micron

thick histological sections were prepared. Sections were

stained with haematoxylin and eosin for spermatogen-

esis determination. Seminiferous tubule diameters were

measured using a calibrated software programme (Op-
timas and Image Pro, Media Cybernetics) for ten ran-

domly selected tubules per section.

2.6. Determination of Gonadosomatic index (GSI)

The Gonadosomatic index (GSI) was calculated for

each frog as a percentage of the weight of the two testes,

relative to the body mass (g). The body weight was
measured to the nearest 0.1 g and testes immediately

after dissection to the nearest mg.

2.7. Evaluation of spermatogenic activity

Germ cells in seminiferous tubules of all three species

of the frogs were organised into germinal cysts

throughout the body of the testis (see Plate 1). The
numbers of cysts containing germ cells at different times

of aestivation were counted in randomly selected field at
Plate 1. Transverse section of the testis of an active male Neobatrachus su

secondary spermatocytes (II SPC), spermatids (SPT), and sperm bundles (SB
low magnification under the microscope, using a stan-
dard field of 0.1252mm2. The following cell nest types

were identified and counted according to the descrip-

tions of Lofts (1974), Rastogi et al. (1976), Harvey et al.

(1997), and Ko et al. (1998). (1) Primary spermatogonia

(ISPG), small to large single cells, usually found around

the periphery of the tubule. (2) Secondary spermatogonia

(IISPG), clusters of two up to twelve medium-sized cells

with similar appearance to I SPG. (3) Primary sperma-

tocytes (I SPC), groups of medium-sized cells (12–24)

irregularly shaped with large, darkly stained nuclei. (4)

Secondary spermatocytes (II SPC), small cells (over 24

cells). (5) Spermatids (SPT), group of very small cells, in

which the groups of 10 have hollow centres and form

‘‘rings.’’ (6) Spermatozoa bundles (SB), spermatozoa

with the heads still embedded in Sertoli cells. (7) Free

sperm (uncounted) in the lumen of the tubules.

2.8. Statistical analysis

Differences between means at different time intervals

for C. maini, C. platycephala, and N. sutor were analysed

using one-way ANOVA followed by post-hoc Tukey

tests. GSI ratios were transformed to logarithms prior to

analysis using parametric statistics, and a non-para-
metric test (Mann–Whitney) was employed when stan-

dard deviations for the samples differed significantly.
tor from a breeding chorus showing primary spermatocytes (I SPC),

). 100lm scale bar shown.



Fig. 3. Changes in testicular seminiferous tubule diameter in three

Australian desert frogs during 2–19 months of aestivation. Each col-

umn represents the mean diameter in lm� SE of the tubules. (A)

Active frogs with �P < 0:05, ��P < 0:01. Sample sizes for active (A), 2,

4, 7, and 19-month samples are as follows: C. platycephala¼ 6,6,4,4; C.

maini¼ 6,6,5,5; N. sutor¼ 6,5,5,5,9.
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3. Results

Changes in GSI and seminiferous tubule diameter of

the three species of desert frogs are shown in Fig. 2. C.

platycephala exhibited a significant decrease to

0.07� 0.01% after 4 months of aestivation and to

0.08� 0.01 after 10 months (F3;10 ¼ 8:25, P ¼ 0:005).
The only significant variation in the GSI for C. maini

was a fall to 0.05� 0.01% after 10 months, but the 16-
month value of 0.23� 0.02% is suggestive of recrudes-

cence. This trend is more apparent for N. sutor, where

GSI fell significantly after 10 months and then increased

at 16 months, and the mean is not significantly different

from the GSI value of active animals after 19 months

(0.27� 0.04% versus 0.41� 0.12%).

Seminiferous tubule diameter (Fig. 3) was unchanged

during 4 months of aestivation forC. platycephala andC.

maini. However, it showed a significant decrease to

48.6� 2.5 lm (P < 0:05) and 32.9� 1.9lm (P < 0:01) at
the 7th month of aestivation in both species, respectively.

ForN. sutor, the diameter of the seminiferous tubules fell

sharply from a mean of 146� 4.3 to 94� 4 lm after 4

months and 93� 6 lm after 7 months of aestivation. The

19-month mean diameter of 157� 11 lm for this species

does not differ significantly from that seen in active
specimens and shows a clear recrudescence.

Changes in plasma testosterone levels in the three

frog species over the first 7 months of aestivation are

shown in Fig. 4. Testosterone levels for C. platycephala

fell significantly from a mean of 1047 to 248.8 pgml�1

(P < 0:01) in the first 2 months of aestivation and re-

mained at this low level for the next 5 months. Plasma

testosterone levels fell in both C. maini and N. sutor after
2 months, and remained low up until 7 months of aes-

tivation, but the differences were not statistically sig-

nificant due to high individual variability. There was a

significant correlation, however, between individual

plasma testosterone levels and both GSI and seminif-
Fig. 2. Changes in the Gonadosomatic Index (GSI) of C. platycephala,

C. maini, and N. sutor during 4–19 months underground aestivation.

The GSI is expressed as the total mass of both testes (in mg) as a

percentage of the body mass (in g). Data presented as the Mean� SE

with (A) active frogs and �P < 0:05. Sample sizes for active (A), 4, 7,

10, 16, and 19-month samples are as follows: C. platycephala¼ 6,6,4,4;

C. maini¼ 6,6,5,5,4; N. sutor¼ 6,5,5,5,5,9.
erous tubule diameter in all frog species, the latter being

shown in Fig. 5.

Changes in numbers of spermatogonia (I SPG and II

SPG), spermatocytes (I SPC and II SPC), spermatids

(SMT), and sperm bundles (SB) were used to evaluate

spermatogenic activity during aestivation (see Figs. 6–8).
The presence of free sperm (FS) was observed, but no

attempt was made to count numbers; numbers of sperm

bundles were counted instead and the percentage of

these containing sperm noted. Primary spermatogonia

numbers (I SPG) fell in all three species after 2 months

and decreased further after 4 months in C. maini, but

then increased to reach or even exceed (in the case of C.

platycephala, P < 0:001) the numbers found in active
frogs (see Fig. 6). Secondary spermatogonia (II SPG)

increased in numbers from the start of aestivation in C.

platycephala, but first fell in the other two species before

increasing to reach near active levels after 7 months.
Fig. 4. Change in plasma testosterone concentrations in three species

of Australian desert frogs during 7 months of aestivation. Data pre-

sented as the Mean� SE in pgml�1 with **P < 0:01. Sample sizes for

active (A), 2, 4, and 7-month samples are as follows: C. platycep-

hala¼ 6,6,4,4; C. maini¼ 6,6,5,5,4; N. sutor¼ 6,5,5,5.



Fig. 5. Correlations between plasma testosterone levels (in pgml�1)

and the seminiferous tubule diameter (in lm) of the testes of C.

platycephala, C. maini, and N. sutor. Sample numbers for each re-

gression are noted on each graph.

Fig. 6. Changes in mean cell densities of primary (I SPG) and sec-

ondary spermatogonia (II SPG) during 2–19 months of aestivation in

three species of Australian desert frogs. Data presented as Mean�SE

of the number of cells per 1.252mm2 of the testis section with
�P < 0:05 and ��P < 0:01. Sample sizes for active (A), 2, 4, 7, and

19-month samples are as follows: C. platycephala¼ 5,5,4,4; C.

maini¼ 6,4,4,4; N. sutor¼ 6,5,5,5,6.
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Numbers of spermatocytes (I SPC and II SPC)

showed a significant decrease (P < 0:05) in all three

species after 2 months of aestivation compared with

active frogs and remained low at 4 months, increasing

slightly in C. maini after 7 months and increasing sig-

nificantly in N. sutor after 7 and 19 months to reach

almost 50% of the numbers seen in active individuals.
Numbers of spermatids fluctuated during the 7-month

aestivation period but did not show any statistically

significant changes. The overall number of sperm bun-

dles (SB) fell progressively from the second month of
aestivation in all three species (P < 0:05) but contrasted
with a marked increase in the percentage of those re-

maining sperm bundles containing free sperm (see

Fig. 8). The 19-month data from N. sutor are suggestive

of effective recrudescence with an enormous increase in
the number of sperm bundles containing free sperm to

reach 69� 11%, compared with only 12.5� 2.3% in

active individuals (see Fig. 8).

The sampling protocol used in this study (with 5–6

frogs being sacrificed at each time interval) meant that,

depending on the initial number of frogs collected, suf-

ficient specimens of each species were not always avail-

able for all time periods. Data for C. platycephala thus
do not exceed 7 months, and 16 months in the case of C.

maini, but it was possible to collect data after a period of

19 months in the case of N. sutor. Plates 1–3 record the

histological changes observed in this species over the 19-

month aestivation period. These sections, which are all

to the same scale, show the significant decline in tubule

diameter after 7 months underground, followed by the



Fig. 7. Changes in mean cell densities of primary (I SPC) and sec-

ondary spermatocytes (II SPC) and spermatids (SPT) during 2–19

months of aestivation in three species of Australian desert frogs. Data

presented as Means� SE of the number of cells per 1.252mm2 of the

testis section with �P < 0:05 and ��P < 0:01. Sample sizes for active

(A), 2, 4, 7, and 19-month samples are as follows: C. platycep-

hala¼ 5,5,4,4; C. maini¼ 6,4,4,4; N. sutor¼ 6,5,5,5,6.

Fig. 8. Changes in numbers of sperm bundles (SB) and the mean

percentage of free sperm in bundles (FS) during 2–19 months of aes-

tivation in three species of Australian desert frogs. Data presented as

Mean� SE with �P < 0:05 and ��P < 0:01. Sample sizes for active (A),

2, 4, 7, and 19-month samples are as follows: C. platycephala¼ 5,5,4,4;

C. maini¼ 6,4,4,4; N. sutor¼ 6,5,5,5,6.
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massive increase evident after 19 months that is associ-

ated with large numbers of free sperm.
4. Discussion

Many Australian desert frogs, in common with desert

anurans in a number of other continents, have the
ability to burrow into soil during dry periods and sur-

vive for extended periods of time until rain falls again.

Anecdotal records suggest that they may aestivate for

periods of up to 4–5 years, as frogs have been recorded

to emerge after rain in central Australia after such ex-

tended periods of drought (Heatwole, 1984; van Beur-

den, 1982) and Predavec and Dickman (1993) even
record some individuals of Neobatrachus centralis

emerging 8 h prior to the rain falling in central Austra-

lia. Undoubtedly, the fact that these desert frogs are able

to form a cocoon to protect them from desiccation

(Withers, 1995, 1998) and dramatically reduce their rate

of metabolism (Withers, 1993; Withers and Thompson,

2000), is the reason for their long-term survival under

such difficult conditions. The problem of how and when
they prepare themselves for their next breeding period

has, however, remained unknown, although a recent

paper by Storey et al. (1999) has found evidence for the

up regulation of riboflavin-binding protein in the liver of

aestivating spade foot toads.



Plate 2. Transverse section of the testis of a cocooned male Neobatrachus sutor, after a period of 7 months aestivation in an underground burrow. II

SPG, secondary spermatogonia and SB, sperm bundles. 100lm scale bar shown.
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Crews and Moore (1987) and Krohmer et al. (1987)

predicted that animals living in harsh climates with

predictable, but truncated breeding periods, would dis-

play what they termed ‘‘dissociated’’ reproductive tac-

tics—with reproductive steroids being elevated at some
time other than during the breeding season. This con-

trasts with the more common pattern of ‘‘associated’’

reproductive tactics where mating behaviour coincides

with maximal circulating levels of sex steroids such as

testosterone and oestradiol-17b (E2) (Crews, 1984).

Harvey et al. (1997) tested this prediction in the explo-

sively breeding desert spade foot toad, Scaphiopus cou-

chii, and found that this was not the case. Levels of
testosterone and dihydrotestosterone (DHT) were

maximal in amplexing males, as was also the case with

testosterone, DHT, progesterone, and E2 in females. All

hormones then fell to very low levels in post-breeding

frogs and evidence of testicular recrudescence was sug-

gested by an increase in numbers of primary and sec-

ondary spermatogonia (I SPG and II SPG) and

spermatocytes (SPC) in the testes of these males. This
study was carried out over a 2-month period in Arizona

during which time the frogs had emerged following

monsoonal summer rain and remained active, but had

not yet re-burrowed to resume their summer aestivation.

In an interesting follow-up paper, Harvey and Propper
(1997) found that, although androgens are associated

temporally with the onset of reproductive behaviour in

this toad, they are not necessary for its expression, with

castrated males clasping females normally. A similar

conclusion was reached by Saint Girons et al. (1993) in
studying the hormonal control of reproductive behav-

iour in a reptile, the Aspic viper (Vipera aspis), where

testosterone was found to be a necessary but not a

sufficient condition for the display of mating behaviour

in males.

Spermatogenic cycles in temperate-breeding frogs

have been described in some detail in an extensive series

of papers and reviews by Lofts (1964, 1972, 1974, 1984,
1987), van Oordt and van Oordt (1955), van Oordt

(1960), Burgos and Vitale-Calpe (1967), Rastogi (1976),

Pierantoni et al. (1984), and Pudney (1995). Frogs living

in cold climates in the northern hemisphere, such as

Rana temporaria, typically have a discontinuous sper-

matogenic cycle with an absence of developmental ac-

tivity during the winter period. An upsurge in

spermatogenic activity takes place some weeks after
the spring breeding period so that, by summer, large

numbers of germinal cysts are found in different stages

of development. Development continues throughout

autumn to produce spermatozoa so that, before the

onset of the next winter, the testes already contain a



Plate 3. Transverse section of the testis of a cocooned male Neobatrachus sutor, after a period of 19 months aestivation in an underground burrow. I

SPC, primary spermatocytes, II SPC, secondary spermatocytes, and FS, free sperm. 100 lm scale bar shown.
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generation of spermatozoa destined to be used during

the succeeding spring breeding season.

The interest of the present study in three species of

desert burrowing frogs was to determine whether a

similar preparation for future reproduction occurs in the
short period of activity before the frogs return under-

ground, or whether testicular recrudescence occurs dur-

ing the period of aestivation. In this latter case,

recrudescence would be expected to be very slow, giving

the extreme depression of the metabolic rate that is

characteristic of aestivating desert frogs (Flanigan et al.,

1991; Guppy and Withers, 1999). The study of Harvey

et al. (1997) with S. couchii shows that, in this burrowing
species, testicular recrudescence commences whilst the

animals are post-reproductive but still active above

ground—similar to what occurs in temperate-living spe-

cies. This desert toad differs, however, from the Austra-

lian species used in the present study in that S. couchii

does not form a cocoon when underground and is not

known to aestivate for periods of longer than a year,

typically emerging to feed and breed with regular mid-
summer monsoonal rains (Bragg, 1945; Seymour, 1973).
The three species of desert burrowing frogs in this

study differ from other species with discontinuous

spermatogenic cycles in that the gonadosomatic index

(GSI) declined significantly in the first 4 months of

aestivation and remained low-up until 10 months. As-
sociated with this reduction in testis mass was a decrease

in tubule diameter and a fall in circulating levels of

testosterone. Cytological changes were not identical in

the three species, C. platycephala for example, showing a

proliferation of primary and secondary spermatogonia

(I SPG and II SPG) after 4 months underground, a

change not observed in the other two species until 7

months had passed.
Both primary and secondary spermatocytes fell in C.

platycephala and C. maini from active levels and were

still low after 7 months, representing the last samples

available for these two species, but both I SPC and II

SPC increased noticeably in N. sutor after 7 and 19

months underground. There was a monotonic decrease

in the number of sperm bundles throughout the period

of aestivation in all species, which was mirrored by
significant increases in the percentage of SB containing
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free sperm that was evident within 2 months of the frogs
cocooning. The pattern seen in N. sutor appeared to

differ, with numbers of free sperm rising after 2 months,

then falling after 7 months, to reach a very high peak

after 19 months.

These data are open to interpretation. On the one

hand, the increase in the number of sperm bundles

containing free sperm could be taken as evidence of

increased spermiogenesis following the breeding period.
On the other hand, it may simply reflect the fact that

those sperm bundles not containing free sperm are de-

clining in numbers, and leaving intact those that do

contain free sperm which thus increase as a percentage.

The presence of free sperm after 2–4 months of aesti-

vation implies their continued nourishment by Sertoli

cells (Br€okelmann, 1964; Burgos and Vitale-Calpe, 1967;

Lofts, 1974) as has been observed in Rana esculenta (a
potentially continuous spermatogenic frog) by a number

of investigators (Lofts, 1964; Rastogi et al., 1976; Sluiter

et al., 1950). This raises the interesting possibility that, if

rain fell again in the 6-month period after the first

breeding episode, the frogs may be able to re-emerge

and breed effectively for a second time although, to date,

there do not appear to be any instances of this having

been recorded (van Beurden, 1979).
These data bring into focus the role of testosterone as

a hormonal modulator of spermatocytogenic activity in

these desert frogs. Recorded plasma testosterone levels

vary markedly between different species of frogs, from

as low as 1.2 ngml�1 in Bufo aspis (Emerson and Hess,

1996) to as high as 130 ngml�1 in amplexing S. couchii

(Harvey et al., 1997). Testosterone levels in the three

species in this study fall between 0.5 and 1.0 ngml�1 in
active breeding males and declined further during the

period of aestivation. Unfortunately, plasma samples

were not available from those few N. sutor that were

disinterred after a period of 19 months, but the signifi-

cant correlation that was found between both tubule

diameter and GSI in all three species, suggests strongly

that testosterone levels would also have been raised and

that this hormone has an overall trophic effect on the
male gonad.

It is presumed that levels of plasma testosterone re-

flect testosterone production by the interstitial (Leydig)

cells in the testis in amphibians as observed in Rana

rugulosa by Kao et al. (1993) and in R. esculenta by

Pierantoni et al. (1984). Testosterone is considered to

play a pivotal role in controlling spermatogenic activity

in many amphibians (Guarino et al., 1993; Itoh et al.,
1990; Licht et al., 1983; Pierantoni et al., 1984; Rastogi

et al., 1976) but its precise mode of action differs be-

tween species. In anurans, testosterone has been re-

ported to increase testis size and spermatogenesis in

some species (e.g., Bufo fowleri and B. arenarum) but

also to suppress spermatogenesis at the secondary

spermatagonia stage in several species of Rana and Bufo
melanostictus (Rastogi and Iela, 1980). It has also been
reported that testosterone levels either decline during the

late stages of spermatogenesis (during spermatid for-

mation) after increasing during the early proliferative

stages (Delgado et al., 1989; Guarino et al., 1993), or

they parallel spermatogenic activity (Rastogi et al.,

1986). Testosterone is synthesised at a high level by the

interstitial tubule cells during periods of high sper-

matogenic activity when Sertoli cells are largely lipid-
free, but levels have been reported to fall during the

post-nuptial phase when Sertoli cells are heavily lipoidal

and cholesterol-rich (Lofts, 1972). There is evidence that

gonadotrophins stimulate the multiplication of sper-

matogonia in amphibian testes and Minucci et al. (1992)

found that the gonadotrophin agonist, GnRHA, sig-

nificantly increased the mitotic index of hypophysecto-

mised R. esculenta. Paracrine and/or autocrine
mechanisms are thought to be involved in the regulation

of testosterone secretion throughout the reproductive

cycle with oestradiol possibly acting to feedback on

GnRH secretion after the mating period, leading to

falling testosterone levels in summer in frogs such as R.

esculenta (Minucci et al., 1989).

Although plasma levels of oestradiol-17b (E2) were

not monitored in this study of male frogs, E2 is known
to have an impact on testicular development, through

intra-testicular feedback mechanisms and via interac-

tions with Gonadotrophic releasing hormone (GnRH)

from the hypothalamus (Minucci et al., 1992). Fasano

et al. (1989) found that levels of testosterone and DHT

peaked in autumn and early spring in male R. esculenta,

whereas E2 reached maximal levels later, in mid-spring,

before falling to very low levels. They also found with in
vitro incubations of testicular tissue that E2, stimulated

by pituitary factors, inhibited androgen synthesis by the

testis, in contrast to the effect of testosterone. Polzonetti-

Magni et al. (1984) similarly found that E2 levels in-

creased in male R. esculenta in early summer, following

a decline in levels of testosterone, and they speculated

that E2 inhibited GnRH release and ultimately LH se-

cretion in the males at this time, leading to the seasonal
refractory period of this species. This is consistent with

the results of a study in the same species by Minucci

et al. (1992) where GnRH agonists and antagonists were

used to show that spermatid formation is dependent on

GnRH and, ultimately, gonadotrophic secretion.
Acknowledgments

Frogs were collected under licence from the Depart-

ment of Conservation and Land Management and all

procedures were approved by the Animal Ethics Com-

mittee of the University of WA. Financial assistance was

provided through an s-ARC grant from the Australian

Research Council.



A.G. Shalan et al. / General and Comparative Endocrinology 136 (2004) 90–100 99
References

Bragg, A.N., 1945. The spadefoot toads in Oklahoma with a summary

of our knowledge of the group II. Am. Nat. 79, 52–72.

Br€okelmann, J., 1964. Uber die st€utz- Und Zwischenzellen des

Froschodens wahrend des spermatogenetischen Zyklus. Z. Zel-

lforsch 64, 429–461.

Burgos, M.H., Vitale-Calpe, R., 1967. The mechanism of spermiation

in the toad. Am. J. Anat. 120, 227–252.

Crews, D., 1984. Gamete production, sex hormone secretion, and

mating behavior uncoupled. Horm. Behav. 18, 38–46.

Crews, D., Moore, M.C., 1987. Evolution of mechanisms controlling

mating behavior. Science 231, 121–125.

Delgado, M.J., Gutierrez, P., Alonso Bedate, M., 1989. Seasonal cycles

in testicular activity in the frog, Rana perezi. Gen. Comp.

Endocrinol. 73, 1–11.

Emerson, S.B., Hess, D.L., 1996. The role of androgens in opportu-

nistic breeding, tropical frogs. Gen. Comp. Endocrinol. 103, 220–

230.

Fasano, S., Minucci, S., Di Matteo, L., D�Antonio, M., Pierantoni, R.,

1989. Intratesticular feedback mechanisms in the regulation of

steroid profiles in Rana esculenta. Gen. Comp. Endocrinol. 75,

335–342.

Flanigan, J.E., Withers, P.C., Guppy, M., 1991. In vitro metabolic

depression of tissues from the aestivating frog Neobatrachus

pelobatoides. J. Exp. Biol. 161, 273–283.

Guarino, F.M., Di Fiore, M.M., Caputa, V., Angelini, F., Iela, L.,

Rastogi, R.K., 1993. Seasonal analysis of reproductive cycle in two

wild population of Rana italicaDubois, 1985. Anim. Biol. 2, 25–43.

Guppy, M., Withers, P.C., 1999. Metabolic depression in animals:

physiological perspectives and biochemical generalizations. Biol.

Rev. 74, 1–40.

Harvey, L.A., Propper, C.R., 1997. Effects of androgens on male sexual

behavior and secondary sex characters in the explosively breeding

spadefoot taod, Scaphiopus couchii. Horm. Behav. 31, 89–96.

Harvey, L.A., Propper, C.R., Woodley, S., Moore, M., 1997.

Reproductive endocrinology of the explosively breeding desert

spadefoot toad, Scaphiopus Couchii. Gen. Comp. Endocrinol. 105,

102–113.

Heatwole, H., 1984. Adaptations of amphibians to aridity. In: Cogger,

H.G., Cameron, E.E. (Eds.), Arid Australia. Australian Museum,

Sydney, pp. 177–222.

Itoh, M., Inoue, M., Ishii, S., 1990. Annual cycle of pituitary and

plasma gonadotropins and plasma sex steroids in wild population

of the toad, Bufo japonicus. Gen. Comp. Endocrinol. 78, 242–253.

Kao, Y.H., Alexander, P.S., Yang, V.V.C., Yu, J.Y.L., 1993. Annual

patterns of testicular development and activity in the Chinese

bullfrog (Rana rugulosa Wiegmann). Zool. Sci. 10, 337–351.

Ko, S.K., Kang, H.M., Im, W., Kwon, H.B., 1998. Testicular cycles in

three species of Korean frogs: Rana nigromaculata, Rana rugosa,

and Rana dybowskii. Gen. Comp. Endocrinol. 111, 347–358.

Krohmer, R.W., Grassman, M., Crews, D., 1987. Annual reproductive

cycle in the male red-sider garter snake, Thamnophis sirtalis

parietalis: field and laboratory studies. Gen. Comp. Endocrinol.

68, 64–75.

Licht, P., McCreery, B.R., Barnes, R., Pang, R., 1983. Seasonal and

stress related changes in plasma gonadotropins, sex steroids, and

corticosterone in the bullfrog, Rana catesbenia. Gen. Comp.

Endocrinol. 50, 124–145.

Lofts, B., 1964. Seasonal changes in the functional activity of the

interstitial and spermatogenic tissues of the green frogs, Rana

esculenta. Gen. Comp. Endocrinol. 4, 550–562.

Lofts, B., 1972. The Sertoli cell. Gen. Comp. Endocrinol. (Suppl. 3),

636–648.

Lofts, B., 1974. Reproduction. In: Lofts, B. (Ed.), Physiology of the

Amphibia, vol. 2. Academic Press, New York, pp. 107–247.
Lofts, B., 1984. Amphibia. In: Laming, G.E. (Ed.), Marshal�s
Physiology of Reproduction. Reproductive cycles in Vertebrate,

vol. 1. Churchill-Livingstone, Edinburgh, pp. 127–205.

Lofts, B., 1987. Testicular function. In: Norris, D.O., Jones, R.E.

(Eds.), Hormones and Reproduction in Fishes, Amphibians and

Reptiles. Plenum Press, New York, pp. 385–409.

Main, A.R., 1968. Ecology, systematics and evolution of Australian

frogs. In: Craig, J.B. (Ed.), Advances in Ecological Research.

Academic Press, New York, pp. 37–86.

Minucci, S., Di Matteo, L., D�Antonio, M., Pierantoni, R., 1989.

Intracellular feedback mechanisms in the regulation of steroid

profiles in the frog, Rana esculenta. Gen. Comp. Endocrinol. 75,

335–342.

Minucci, S., Di Matteo, L., Fasano, S., Baccari, G.C., Pierantoni, R.,

1992. Intratesticular control of spermatogenesis in the frog, Rana

esculenta. J. Exp. Zool. 264, 113–118.

Pierantoni, R.L., Iela, M., D�Istra, M., Fasano, S., Rastogi, R.K.,

Delrio, G., 1984. Seasonal testosterone profile and testicular

responsiveness to pituitary factors and gonadotropin releasing

hormone during two different phases of the sexual cycle of the frog

(Rana esculenta). J. Endocrinol. 102, 387–392.

Polzonetti-Magni, A., Botte, V., Bellini-Cardellini, L., Gobbetti, A.,

Crasto, A., 1984. Plasma sex hormones and post-reproductive

period in the green frog, Rana esculenta complex. Gen. Comp.

Endocrinol. 54, 372–377.

Predavec, M., Dickman, C.R., 1993. Ecology of desert frogs: a study

from southwestern Queensland. In: Lunney, D., Ayers, D. (Eds.),

Herpetology in Australia: A Diverse Discipline. Royal Zoological

Society of NSW, Mosman, Sydney, NSW, pp. 159–169.

Pudney, J., 1995. Spermatogenesis in nonmammalian vertebrates.

Micros. Res. Tech. 32, 459–497.

Rastogi, R.K., 1976. Seasonal cycle in anuran (Amphibia) testis: the

endocrine and environmental controls. Boll. Zool. 43, 151–172.

Rastogi, R.K., Iela, L., 1980. Steroidogenesis and spermatogenesis in

anuran Amphibia: a brief survey. In: Delrio, G., Brachet, J. (Eds.),

Steroids and Their Mechanism of Action in Nonmammalian

Vertebrates. Raven Press, New York, pp. 131–146.

Rastogi, R.K., Iela, L., 1992. Spermatogenesis in Amphibia: dynamics

and regulation. In: Dalli, R. (Ed.), Sex: Origin and Evolution.

Selected Symposia and Monographs U.Z.I., 6. Mucchi, Modena,

pp. 231–249.

Rastogi, R.K., Iela, L., Saxena, P.K., Chieffi, G., 1976. The control of

spermatogenesis in the green frog, Rana esculenta. J. Exp. Zool.

196, 151–166.

Rastogi, R.K., Iela, L., Delrio, G., Bagnara, J.T., 1986. Reproduction

in the Mexican leaf frog, Pachymedusa dacnicolor, II. The male.

Gen. Comp. Endocrinol. 62, 23–35.

Salthe, S.N., Mecham, J.S., 1974. Reproduction and courtship

patterns. In: Lofts, B. (Ed.), Physiology of The Amphibia, vol.

II. Academic Press, New York, pp. 309–521.

Saint Girons, H., Bradshaw, S.D., Bradshaw, F.J., 1993. Sexual activity

and plasma levels of sex steroids in the Aspic viper, Vipera aspis L.

(Reptilia, Viperidae). Gen. Comp. Endocrinol. 91, 287–297.

Seymour, R.S., 1973. Energy metabolsim of dormant spadefoot toads

(Scaphiopus). Copeia 1973, 435–445.

Sluiter, J.W., van Oordt, G.J., Grasveld, M.S., 1950. A study of the

testis tubules, interstitial tissue, and sex characters (thumb-pads

and Wolffian ducts) of normal and hypophysectomized frogs (Rana

esculenta). Q. J. Microsc. Sci. 91, 131–144.

Storey, K.B., Dent, M.E., Storey, J.M., 1999. Gene expression

during estivation in spadefoot toads, Scaphiopus couchi: up-

regulation of riboflavin binding protein in liver. J. Exp. Zool.

284, 325–333.

van Beurden, E., 1979. Gamete development in relation to season,

moisture, energy reserve, and size in the Australian water-holding

frog, Cycolorana platycephala. Herpetologica 35, 370–374.



100 A.G. Shalan et al. / General and Comparative Endocrinology 136 (2004) 90–100
van Beurden, E., 1982. Desert adaptations of Cyclorana platycephala: a

holistic approach to desert-adaptation in frogs. In: Barker, W.R.,

Greenslade, P.J.M. (Eds.), Evolution of the Flora and Fauna of

Arid Australia. Peacock Publications, South Australia, Adelaide,

pp. 235–240.

van Oordt, G.J., van Oordt, P.G.W., 1955. The regulation of

spermatogenesis in the frog. Mem. Soc. Endocrinol. 4, 25–

38.

van Oordt, P.G.W., 1960. The influence of internal and external

factors in the regulation of the spermatogenetic cycle in amphibia.

Symp. Zool. Soc. Lond. 2, 29–52.

Whittier, J.M., Crews, D., 1987. Seasonal reproduction patterns and

control. In: Norris, D.O., Jones, R.E. (Eds.), Hormones and
Reproduction in Fishes, Amphibians and Reptiles. Plenum Press,

New York, pp. 385–409.

Withers, P.C., 1993. Metabolic depression during aestivation in the

Australian frogs, Neobatrachus and Cyclorana. Aust. J. Zool. 41,

467–473.

Withers, P.C., 1995. Cocoon formation and Structure in the Aestivat-

ing Australian Desert Frogs, Neobatrachus and Cyclorana. Aust. J.

Zool. 43, 429–441.

Withers, P.C., 1998. Evaporative water loss and the role of cocoon

formation in Australian frogs. Aust. J. Zool. 46, 405–418.

Withers, P.C., Thompson,G.G., 2000.Cocoon formationandmetabolic

depression by aestivating hylid frogs Cyclorana australis and

Cyclorana cultripes (Amphibia: Hylidae). J. R. Soc. W.A. 83, 39–40.


	Spermatogenesis and plasma testosterone levels in Western Australian burrowing desert frogs, Cyclorana platycephala, Cyclorana maini, and Neobatrachus sutor, during aestivation
	Introduction
	Materials and methods
	Frogs
	Experimental design
	Collection of plasma samples
	Radioimmunoassay of plasma testosterone
	Histological examination
	Determination of Gonadosomatic index (GSI)
	Evaluation of spermatogenic activity
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


