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AbstractAbstractAbstractAbstractAbstract
Mitotic proliferation of  spermatogonia, meiosis of  spermatocytes, and the

restructuring of  round spermatids into flagellated spermatozoa (spermiogenesis), are
hallmark events of  spermatogenesis. The process is fuelled by stem cells that either self-
renew or produce spermatogonia committed to further development. Germ cells always
require the close contact with Sertoli cells. These somatic cells, but not germ cells, express
receptors for androgens and follicle-stimulating hormone (FSH), thus functioning as interface
between hormones and the developing germ cells. In Japanese eel, for example,
gonadotropin or 11-ketotestosterone (11-KT; a typical androgen in fish) stimulation induces
complete spermatogenesis ex vivo, and spermatogonial proliferation is in part mediated
by Sertoli cell-derived activin. In fish LH, but also FSH, stimulates steroidogenesis. Since
FSH but not LH circulates in sexually immature salmonids, increased FSH signalling may
be sufficient to initiate spermatogenesis by activating both Sertoli cell functions and 11-
KT production. Fish testes also produce testosterone (T), which exerts negative feedback
effects on FSH-dependent signalling and on steroidogenesis. The balance between T and
11-KT production and plasma levels therefore is important. Besides inducing
spermatogonial proliferation, 11-KT also induces meiosis and complete spermiogenesis
in tissue culture. However, it is not known yet by what mechanisms 11-KT stimulates the
passage of  germ cells through these more advanced stages of  development.
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The cellular basis of  male reproduction is the spermatozoon, which

develops from stem cells in a suite of proliferation and differentiation steps known

as spermatogenesis. For this development, germ cells require the environment created

by Sertoli cells. These somatic cells envelope germ cells, thus forming Sertoli/germ

cell units. Besides paracrine communication within these units, the brain-pituitary-

gonad (BPG) axis  has evolved as  hormonal  master  control  system over

spermatogenesis and reproduction in general, adjusting the activity of  the reproductive

system according to the environmental conditions on the one hand, and to the

developmental and physiological state of the individual on the other hand.

When stem cells proliferate, they provide either new stem cells (single

primary, or A S spermatogonium), or spermatogonia that are committed to

differentiation. There is no formal proof  yet that (a portion of) the AS spermatogonia

indeed have stem cell capacities in fish. However, repetitive waves of  spermatogenesis

are observed in many species, suggesting that stem cells are present also in fish testis.

The balance between self-renewal and differentiation seems to be regulated (see

below). The number of  spermatogonia increases rapidly during a species-specific

number of  mitotic cell cycles. In the guppy, for example, spermatogonia go through

14 mitotic cell cycles (Billard, 1969a), and 10 have been reported in the Japanese eel

(Miura et al., 1991a). In some species, not a specific number but rather a range of

mitotic cell cycles was observed, for example, 5 or 6 in zebrafish (Ewing, 1972).

There is no consensus concerning the terminology to address the different

spermatogonial generations in fish. In mammals, early generations of  slowly dividing

spermatogonia are referred to as undifferentiated A spermatogonia. They differentiate

via retinoic acid signalling to enter strictly timed, rapid mitotic cell cycles that produce

the successive generations of  differentiating spermatogonia, the final generation is

referred to as B spermatogonia (de Rooij & Russell, 2000). It is proposed to adopt

this terminology for fish spermatogenesis, since distinguishing undifferentiated, slowly

dividing, early spermatogonia from rapidly dividing, differentiating A spermatogonia

seems justified also in fish. In the Japanese eel, for example, human chorionic

gonadotropin (hCG) treatment stimulates proliferation of  early spermatogonia in

immature males; however, this ceased after the 4th or 5th (of 10 in total) mitosis in

some fish (“non-responders”), suggesting that a regulatory checkpoint separates early

(undifferentiated) from late (differentiating) spermatogonia, and once this checkpoint

is passed, entry into meiosis with its two specialised cell cycles seems possible (Miura

et al., 1997). During the first one, DNA is duplicated for the last time and the genetic

information is recombined in the primary spermatocytes. They divide to form short-

lived secondary spermatocytes, which divide again quickly without DNA duplication,

giving rise to haploid spermatids. These small, round cells undergo spermiogenesis, a

cellular restructuring to flagellated spermatozoa without further proliferation. During
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spermiogenesis germ cells loose 80-90% of  the cellular and nuclear volume (Sprando et

al., 1988) by chromatin condensation, shedding of nucleoplasm into the cytoplasm, and

by extrusion of  cellular material, which is then phagocytised by Sertoli cells. An acrosome

does not develop in most fishes, since the postovulatory oocyte is not surrounded by

granulosa cells and has a micropyle to allow sperm entry (Patiño & Sullivan, 2003). After

completion of  spermiogenesis, the cyst wall opens to release the spermatozoa (spermiation).

The total duration of  the process is determined by the germ cells’ genome (França et al.,

1998), is strictly timed in mammals, and perhaps other warm-blooded vertebrates as well,

and takes, for example, 59 or 39 days in rat or mice, respectively (Russell et al., 1990). In

cold-blooded vertebrates, temperature influences the timing of  spermatogenesis but the

duration is predictable also in fish at a given temperature (Billard 1968; Vilela et al., in

press).

TTTTThe Serhe Serhe Serhe Serhe Sertoli – Gertoli – Gertoli – Gertoli – Gertoli – Germ Cell Rm Cell Rm Cell Rm Cell Rm Cell Relaelaelaelaelation in Cystic Spertion in Cystic Spertion in Cystic Spertion in Cystic Spertion in Cystic Spermamamamamatototototogggggenesisenesisenesisenesisenesis
Germ cell survival and development strictly depends on their intimate

association with Sertoli cells, thus forming Sertoli/germ cell units. In fish, such a unit

forms when Sertoli cells envelope a single early spermatogonium; the Sertoli cells, but not

the germ cells, are in contact with the basement membrane that separates germinal and

interstitial compartment of the testis (Loir et al., 1995). Such a unit is known as

spermatogenic cyst or spermatocyst. Collectively, the spermatocysts form the germinal

epithelium of  the teleost testis.

There are two different types of testicular architecture in teleosts (Grier &

Taylor, 1998; Loir et al., 1995). In the anastomosing type, stem cells are distributed

throughout the testis (“unrestricted”), spermatocysts do not move during maturation, and

anastomoses are observed between the tubules; this type is found in most fishes. In higher

perciform and in atheriniform fish, however, the tubules end blind in the ventro-lateral

periphery of the testis (and can therefore be referred to as lobules). In this type, the

spermatogonial stem cells are restricted to the tips of  the lobules, and the spermatocysts

are displaced towards the dorsally located efferent duct system during maturation.

Germ cell number and spermatocyst volume increase rapidly during the mitotic

phase. The number of  Sertoli cells associated with a developing germ cell clone is increasing

as well in species with a restricted distribution of stem cells (Billard, 1969a; Vilela et al., in

press), while respective information is not available from species showing the anastomosing

testis type. Since all germ cells within one spermatocyst are clonal descendents of  one

stem cell, a given Sertoli cell contacts germ cells that are all in the same stage of

development. In amniote vertebrates, on the other hand, a given Sertoli cell concomitantly

contacts members of  several germ cell clones (Russell et al., 1990). This suggests that at

any given point in time Sertoli cell functions are comparatively less complex in fish than in

mammals, while overall, similar functions are fulfilled. This makes fish an attractive

experimental model for studies on Sertoli cell functions.
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Which steps in spermatogenesis might be responsive to hormones? The number

of  germ cell divisions is determined genetically. In some species (see earlier discussion), a

range rather than a fixed number of  cell cycles is observed, but there are no experimental

data available in fish in this context. Also an effect of  hormones on the timing of  most of

the developmental steps in spermatogenesis is unlikely, viz. that the different developmental

stages are exposed to a similar endocrine environment. As regards meiosis and

spermiogenesis, hypophysectomy experiments indicated (see below) that hormone-

dependent checkpoints exist, between which developmental processes seem to occur

according to genetically fixed programmes. Other possible targets of  hormone action are

i) the stem cell activity, i.e. the balance between self-renewal and the production of

differentiating germ cells, which determines if, and how many, cells enter the process of

spermatogenesis; ii) the recruitment of  early spermatogonia into the rapid proliferation

period and their entrance into meiosis; (iii) the loss of  germ cells, in particular spermatocytes

and spermatids, via apoptosis; and finally (iv) Sertoli cell proliferation and differentiation,

a process determining the germ cell production capacity.

PituitarPituitarPituitarPituitarPituitary Gonadotry Gonadotry Gonadotry Gonadotry Gonadotropinsopinsopinsopinsopins
In sexually immature eel, the testis contains single spermatogonia and small

clones of  undifferentiated spermatogonia. Following hypophysectomy, the small

spermatocysts disintegrate, leaving single spermatogonia as the only germ cell type (Khan

et al., 1986). This suggests that the balance between stem cell renewal and production of

spermatogonia is shifted towards the former in the absence of  the pituitary.

Hypophysectomy blocked spermatogonial differentiation at the 7th (of  14)

mitotic division in the guppy (Billard 1969b); also reduced numbers of  early spermatogonia

were observed. In addition, B spermatogonia failed to undergo the final mitosis, so that

primary spermatocytes were not formed. Primary spermatocytes were arrested at the end

of  the prophase of  the 1st meiotic cell cycle, and also secondary spermatocytes failed to

enter the 2nd meiotic M-phase. Early spermatids commenced spermiogenesis but

degenerated before its completion, indicating that also postmeiotic development requires

pituitary regulation.

Germ cell loss is not only observed under experimental conditions, but seems

to be a regulatory mechanism of  normal spermatogenesis. For example, about one third

of  the germ cells are lost under normal (control) conditions during spermatogenesis in the

guppy (Billard 1969a) or in tilapia (Vilela et al., in press). Germ cell loss is common also in

mammals, where it is mediated via apoptosis (Sinha-Hikim et al., 1997). Germ cell apoptosis

has been described in the piscine testis as well (e.g. Uchida et al., 2002), but the regulatory

background of this event is unexplored.

The bioactive compounds in the pituitary are the gonadotropins, LH and FSH.
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LH stimulates androgen production in Leydig cells via activation of the LH receptor (LH-

R). Leydig cells are located between the seminiferous tubules in the interstitial area of the

testis, from where androgens reach the seminiferous tubules, mediating the biological

activity of  LH. Within the tubules, androgens are required to drive spermatogenesis via

the Sertoli cells that – in contrast to germ cells – express androgen receptors. The second

gonadotropic hormone, FSH, directly stimulates the FSH receptor (FSH-R) expressing

Sertoli cells, which in turn support germ cell survival and development.

This brief  summary of  gonadotropin functions is based on information from

mammalian models. How is the situation in fish? When highly purified teleost gonadotropins

became available (e.g. Kawauchi et al., 1989), both gonadotropins showed prominent

steroidogenic potency, in particular in fish at the onset of  spermatogenesis and during

rapid testicular growth (Planas & Swanson, 1995). Ligand binding studies provided evidence

for the presence of  two gonadotropin receptors in salmon (Yan et al., 1992), and moreover

suggested that the FSH-R-like receptor, although having a preference for FSH, also shows

affinity to LH (Miwa et al., 1994). The apparently limited selectivity in hormone binding

of  piscine FSH-Rs has been confirmed in recent molecular studies (Bogerd et al., 2001;

Kumar et al., 2001). The testicular cell types expressing FSH-R and LH-R still have to be

identified unequivocally. It appears reasonable to assume that Leydig cells express LH-R

and Sertoli cells express FSH-R, but it is not clear yet how FSH stimulates Leydig cell

androgen production in fish. FSH-triggered Sertoli cell growth factor release to modulate

Leydig cell androgen production, as described by Lejeune et al. (1996), might be one

explanation.

While the main role of LH is to stimulate androgen production, the role of

FSH seems more complex. Indeed, FSH has been referred to as pleiotropic hormone in

context with its multiple activities in mammals (e.g. Arey et al., 1997). In male fish, however,

there is little information on the physiological roles(s) of  FSH, besides the steroidogenic

activity discussed above. The difficulty in obtaining highly purified FSH is one limiting

factor. Moreover, FSH dosage systems with a high specificity and sensitivity are available

for only a few species.

In the mammalian testis, only Sertoli cells express the FSH-R gene (Themmen

et al., 1994). These cells provide critical support to the germ cells’ survival and development.

Since a Sertoli cell has a finite capacity to support germ cells, the Sertoli cell number

limits the sperm production capacity of  the testis. Therefore, Sertoli cell proliferation is

an important regulatory target. Delaying Sertoli cell maturation prolongs their proliferation

period, hence resulting in larger testes with a higher spermatogenic output in rodents

(Cooke et al., 1994) and in tilapia (Matta et al., 2002). Interfering with FSH signalling

compromised Sertoli cell proliferation in mice and resulted in small testes (30% of control;

Kumar et al., 1997). One possible field of action of FSH in the fish testis therefore is the

regulation of Sertoli cell proliferation, which may be of particular relevance in species

with considerable, seasonal changes in testis weight. Besides effects on Sertoli cell



62 ARBS Annu Rev Biomed Sci 2003; 5:57-68

proliferation, FSH stimulates Sertoli cell differentiation in conjunction with androgens

and thyroid hormones (Plant & Marshall, 2001). Only differentiated Sertoli cells can support

meiotic and postmeiotic stages (Krishnamurthy et al., 2001), so that delaying Sertoli cell

maturation also delays meiosis in tilapia (Matta et al., 2002).

The recent cloning of FSH-Rs from different fishes as well as the cloning of

FSH ß-subunits from several species provides tools to increase our understanding of the

role of  FSH in fish spermatogenesis. An important aspect of  FSH action is to modulate

the release of  growth factors by Sertoli cells. The growth factors then function in an auto-

or paracrine manner to regulate Sertoli and germ cell proliferation and differentiation. For

example, members of  the transforming growth factor ß (TGFß; e.g. Miura et al., 1995;

2002), of the insulin-like growth factor (IGF; LeGac et al., 1996), or of the fibroblast

growth factor (FGF; Watanabe & Onitake, 1995) families of  growth factors, play important

roles, in particular with respect to regulating spermatogonial proliferation.

SterSterSterSterSteroid Horoid Horoid Horoid Horoid Hormonesmonesmonesmonesmones
Sex steroids are required for spermatogenesis. Both, FSH and LH stimulate

steroid production in fish (Planas & Swanson, 1995). In tetrapod vertebrates, the

biologically most active androgens are testosterone (T) and its 5α-reduced derivative

dihydrotestosterone (DHT). Fish testes mainly produce 11-oxygenated androgens, such

as 11-ketotestosterone (11-KT; Borg, 1994); while T is produced also, DHT is not found

in fish. In some fish, the testes produce 11-oxygenated precursors of  11-KT, which are

then converted to 11-KT by enzymes in tissues outside the testis (Cavaco et al., 1997;

Mayer et al., 1990). Androgens modulate their own production which, in mammals, is

mediated via androgen receptor (AR) dependent repression of steroidogenic enzyme

expression (Payne & Youngblood, 1995). In juvenile male African catfish, treatment with

11-KT or T inhibited testicular C17-20 lyase activity and resulted in a loss of mitochondria

and a reduced Leydig cell size (Cavaco et al., 1999). These data suggest that androgen-

mediated regulation of androgen production may constitute a feedback loop to prevent

excessive androgen production.

Androgens exert biological activity by binding to the AR, nuclear receptors

that function as ligand-activated transcription factor. The AR is expressed in Sertoli cells

and in other testicular somatic cells, while germ cells do not express known AR forms

(Ikeuchi et al., 2001). Therefore testicular somatic cells represent the main interface between

the developing germ cells and the endocrine system. In fish, two different types of  androgen

receptors have been identified by biochemical (Sperry & Thomas, 1999) and molecular

approaches (Takeo & Yamashita, 1999; Ikeuchi et al., 2001). One of  these receptors binds

different types of  androgens, including T and 11-KT (Sperry & Thomas, 1999; Takeo &

Yamashita, 2000) while the other receptor type has a preference for T (Sperry & Thomas,

1999). No information is available yet with regard to the regulation of  testicular AR

expression in fish.
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What are androgens required for in spermatogenesis and how do they exert

these effects? It is reasonable to assume that the effects observed following

hypophysectomy (see earlier discussion) are related, in part, to the androgen shortage

resulting from the absence of  gonadotropic hormones. A mutation of  the mouse AR is

associated with infertility (Lyon et al., 1975). Spermatogonial proliferation still takes place

in these animals, while meiosis becomes arrested in the pachytene stage. When

spermatogonial stem cells of  AR mutant mice are implanted into a wild-type testis, the

germ cells complete spermatogenesis, demonstrating that AR expression in the somatic

compartment of  the testis is sufficient for spermatogenesis (Johnston et al., 2001). Therefore,

AR target genes of  crucial relevance to spermatogenesis should be sought in Sertoli cells

(or other somatic cells in the testis). However, such genes have not been identified in

vertebrates so far.

Androgens like T can be converted (aromatized) to estrogens and estrogen

receptor (ER) expression has been detected in the vertebrate testis (reviewed by O’Donnell

et al., 2001; Socorro et al., 2000; Wu et al., 2001). However, ER-dependent signalling may

not be of  primary relevance to spermatogenesis in mice, since mutational ablation of  the

enzyme required for oestrogen synthesis resulted in an only partial impairment of

spermatogenesis that started to develop well after puberty (Robertson et al., 1999).

Nonetheless, in vivo and in vitro studies indicated that estrogens can stimulate the

proliferation of  undifferentiated spermatogonia in eel (Miura et al., 1999) and of  gonocytes

in rat (Li et al., 1997), for example.

Genetic or experimental models with a specific failure of androgen-dependent

signalling are not available yet in fish, but in vivo and in vitro studies have been carried

out on the effects of  androgens or LH-like hormones on spermatogenesis in fish. Treatment

with gonadotropin preparations induced precocious spermatogenesis in a number of  species

(e.g. Funk & Donaldson, 1972; Khan et al., 1987; Budworth et al., 1994). Also androgen

treatment induced spermatogenesis in a number of  teleost species (e.g. Kobayashi et al.,

1991). Experiments in juvenile African catfish showed that treatment with 11-KT induced

precocious spermatogonial proliferation and meiosis as well as development of  secondary

sexual characteristics (Cavaco et al., 1998). Using a long-term testis tissue culture system,

it could be shown that 11-KT promoted full spermatogenesis in the Japanese eel (Miura et

al., 1991b). It appears therefore that in fish, spermatogonial proliferation is a prominent

target of  androgen action, in particular of  11-KT. The strong stimulatory effect of  this

androgen on testis growth might also reflect an action on Sertoli cell proliferation;

interestingly, androgen-induced increases in Sertoli cell numbers have recently been

described in the mouse (Haywood et al., 2003).

Testosterone, on the other hand, inhibited the natural  onset of

spermatogenesis in African catfish and co-treatment experiments revealed that T was

able to block 11-KT-induced spermatogenesis as well as the development of  the

seminal vesicles (Cavaco et al., 2001). It appears that the steroidogenic output of the
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testis requires being balanced precisely between T and 11-KT in order to prevent

adverse effects of  T on 11-KT–stimulated spermatogenesis. Since T treatment

suppressed FSH plasma levels in salmon (Dickey & Swanson, 1998), it is possible

that the inhibitory effect of  T on spermatogenesis is based on interfering with FSH-

dependent signalling.

ConcConcConcConcConcluding Rluding Rluding Rluding Rluding Remaremaremaremaremarksksksksks
Androgens and FSH are the most important reproductive hormones as

regards the regulation of  spermatogenesis. The hormones’ foremost function is to

enable the Sertoli cells creating a microenvironment that responds to the germ cells’

changing needs during their development. In some salmonid species, quantification

of circulating FSH and LH (Swanson et al., 1989; Prat et al., 1996; Gomez et al., 1999)

showed that FSH plasma levels are clearly detectable, and seem transiently elevated,

during the initiation of  spermatogenesis; maximum levels are observed during rapid

testicular growth, which then decline towards spawning. Plasma LH is undetectable

or very low during spermatogonial proliferation and the initiation of  meiosis, starts to

increase during rapid testicular growth, and peaks at spawning. Considering that FSH

stimulated steroidogenesis in immature and maturing testis (Planas & Swanson, 1995),

and that only Sertoli cells carried a gonadotropin receptor that bound FSH (but also

LH; Yan et al., 1992; Miwa et al., 1994), it appears possible that FSH signalling might

be sufficient to initiate spermatogenesis by activating both Leydig and Sertoli cell

functions. Two androgens seem to be involved in these processes: T exerts feedback

effects (e.g. inhibiting FSH release or steroidogenesis), and might – after conversion

to E2 – play a more direct role in the testis by stimulating stem cell renewal (Miura et

al., 1999). 11-KT stimulates Sertoli cell functions that in turn promote spermatogonial

proliferation and further steps along the process of  spermatogenesis (Miura et al.,

1991b). Some of  the effects on early stages of  spermatogenesis involve 11-KT-

stimulated growth factor production by Sertoli cells. However, the signalling molecules

involved in mediating the effects of  11-KT in meiotic and postmeiotic germ cells

require further research. Concerning the regulation of 11-KT production during these

later stages, the LH plasma levels that start to increase during the rapid testicular

growth phase, are likely to become more important for supporting the progressively

increasing 11-KT production (Schulz & Blüm, 1990; Planas & Swanson, 1995).

It is also important to realize that a differential responsiveness exists

towards FSH and androgens among different spermatocysts. For example, the presence

of  two adjacent spermatocysts containing germ cells in widely differing stages of

spermatogenesis, although having been exposes to a similar endocrine environment,

indicates that the response to a given endocrine signal varies from cyst to cyst. This

local variation may involve a locally changing expression of growth factors, and growth

factor and hormone receptors.



65Schulz RW et al. - Spermatogenesis in Fish

ReferencesReferencesReferencesReferencesReferences
Arey BJ, Stevis PE, Deecher DC, Shen ES, Frail DE, Negrovilar A, Lopez FJ. Induction

of  promiscuous G protein coupling of  the follicle-stimulating hormone (FSH) receptor:
A novel mechanism for transducing pleiotropic actions of  FSH isoforms. Mol
Endocrinol 1997;11:517-26.

Billard R. La spermatogenèse de Poecilia reticulata. I. Estimation du nombre de générations
goniales et rendement de la spermatogenèse. Ann Biol Anim Bioch Biophys
1969a ;9:251-71.

Billard, R. Hypophyséctomie et spermatogenèse chez Poecilia reticulata (poisson
Cyprinodontidae). CR Acad Sci 1969b;268:1856-9.

Billard R. Influence de la température sur la durée et l’efficacité de la spermatogenèse du
Guppy Poecilia reticulata. CR Acad Sci 1968;266:2287-90.

Bogerd J, Blomenröhr M, Andersson E, Putten van der HHAGM, Tensen CP, Vischer HF,
Granneman JCM, Jannssen-Dommerholt C, Goos HJTh, Schulz RW. Discrepancy between
molecular structure and ligand selectivity of  a testicular follicle-stimulating hormone
receptor of  the African catfish, Clarias gariepinus. Biol Reprod 2001;64:1633-43.

Borg B. Androgens in teleost fishes. Comp Biochem Physiol 1994;109C:219-45.
Budworth PR, Senger PL, Griswold MD, Donaldson EM. Relationship of  plasma steroids

to germ cell development and the presence of  protamine mRNA in rainbow trout
during the induction of  spermatogenesis with partially purified salmon gonadotropin.
J Fish Biol 1994;44:983-95.

Cavaco JEB, Bogerd J, Goos HJT, Schulz RW. Testosterone inhibits 11-ketotestosterone-
induced spermatogenesis in African catfish, Clarias gariepinus. Biol Reprod
2001;65:1807-12.

Cavaco JEB, Blijswijk van B, Leatherland JF, Goos HJT, Schulz RW. Androgen-induced
changes in Leydig cell ultrastructure and steroidogenesis in juvenile African catfish,
Clarias gariepinus. Cell Tissue Res 1999;297:291-9.

Cavaco JEB, Vilrokx C, Trudeau VL, Schulz RW, Goos HJT. Sex steroids and the initiation of
puberty in male African catfish, Clarias gariepinus. Amer J Physiol 1998;44:R1793-R1802.

Cavaco JEB, Vischer HF, Lambert JGD, Goos HJT, Schulz RW. Mismatch between patterns
of  circulating and testicular androgens in African catfish, Clarias gariepinus. Fish Physiol.
Biochem. 1997;17:155-62.

Cooke PS, Zhao YD, Bunick D. Triiodothyronine inhibits proliferation and stimulates
differentiation of  cultured neonatal Sertoli cells: Possible mechanism for increased
adult testis weight and sperm production induced by neonatal goitrogen treatment.
Biol Reprod 1994;51:1000-5.

Dickey JT, Swanson P. Effects of  sex steroids on gonadotropin (FSH and LH) regulation
in coho salmon (Oncorhynchus kisutch). J Mol Endocrinol 1998;21:291-306.

Ewing HH. Spermatogenesis in the zebrafish, Brachydanio rerio. Anat Rec 1972;173:308.
França de LR, Ogawa T, Avarbock MR, Brinster RL, Russell LD. Germ cell genotype

controls cell cycle during spermatogenesis in the rat. Biol Reprod 1998;59:1371-7.
Funk JD, Donaldson EM. Induction of  precocious sexual maturity in male pink salmon

(Oncorhynchus gorbuscha). Can J Zool 1972;50:1413-9.
Gomez JM, Weil C, Ollitrault M, LeBail PY, Breton B, LeGac F. Growth hormone (GH)

and gonadotropin subunit gene expression and pituitary and plasma changes during
spermatogenesis and oogenesis in rainbow trout (Oncorhynchus mykiss). Gen Comp
Endocrinol 1999;113:413-28.

Grier HJ, Taylor RG. Testicular maturation and regression in the common snook. J Fish
Biol 1998;53:521-42.



66 ARBS Annu Rev Biomed Sci 2003; 5:57-68

Haywood M, Spaliviero J, Jimemez M, King NJ, Handelsman DJ, Allan CM. Sertoli and
germ cell development in hypogonadal (hpg) mice expressing transgenic follicle-
stimulating hormone alone or in combination with testosterone. Endocrinology
2003;144:509-17.

Ikeuchi T, Todo T, Kobayashi T, Nagahama Y. Two subtypes of  androgen and progestogen
receptors in fish testes. Comp Biochem Physiol 2001;129B:449-55.

Johnston DS, Russell LD, Friel PJ, Griswold MD. Murine germ cells do not require functional
androgen receptors to complete spermatogenesis following spermatogonial stem cell
transplantation. Endocrinology 2001;142:2405-8.

Kawauchi H, Suzuki K, Itoh H, Swanson P, Naito N, Nagahama Y, Nozaki M, Nakai Y,
Itoh S. The duality of  teleost gonadotropins. Fish Physiol Biochem 1989;7:29-38.

Khan IA, Lopez E, Leloup-Hatey J. Induction of  spermatogenesis and spermiation by a
single injection of human chorionic gonadotropin in intact and hypophysectomized
immature European eel (Anguilla anguilla L.). Gen Comp Endocrinol 1987;68:91-103.

Khan IA, Lopez E, Leloup-Hatey J. Effects of  hypophysectomy on the testis of  the
European eel (Anguilla anguilla L.). Gen Comp Endocrinol 1986;62:411-8.

Kobayashi M, Aida K, Stacey NE. Induction of testis development by implantation of
11-ketotestosterone in female goldfish. Zool Sci 1991;8:389-93.

Krishnamurthy H, Babu PS, Morales CR, Sairam MR. Delay in sexual maturity of  the follicle-
stimulating hormone receptor knockout male mouse. Biol Reprod 2001;65:522-31.

Kumar RS, Ijiri S, Trant JM. Molecular biology of  the channel catfish gonadotropin receptors:
2. Complementary DNA cloning, functional expression, and seasonal gene expression
of  the follicle-stimulating hormone receptor. Biol Reprod 2001;65:710-7.

Kumar TR, Wang Y, Lu N, Matzuk MM. Follicle stimulating hormone is required for
ovarian follicle maturation but not male fertility. Nature Genetics 1997;15:201-4.

LeGac F, Loir M, LeBail PY, Ollitrault M. Insulin-like growth factor (IGF-I) mRNA and
IGF-I receptor in trout testis and in isolated spermatogenic and Sertoli cells. Mol Reprod
Dev 1996;44:23-35.

Lejeune H, Chuzel F, Thomas T, Avallet O, Habert R, Durand P, Saez J. Paracrine regulation
of  Leydig cells. Annal d’Endocrinol 1996;57:55-63.

Li H, Papadopoulos V, Vidic B, Dym M, Culty M. Regulation of  rat testis gonocyte
proliferation by platelet-derived growth factor and estradiol: identification of signaling
mechanisms involved. Endocrinology 1997;138:1289-98.

Loir M, Sourdaine P, Mendis-Handagama SMLC, Jégou B. Cell-cell interactions in the
testis of  teleosts and elasmobranchs. Microsc Res Techn 1995;32:533-52.

Lyon MF, Glenister PH, Lamoreux ML. Normal spermatozoa from androgen resistant
germ cells of  chimaeric mice and the role of  androgen in spermatogenesis. Nature
1975;258:620-2.

Matta SLP, Vilela DAR, Godinho HP, França LR. The goitrogen 6-n-propyl-2-thiouracil
(PTU) given during testis development increases Sertoli and germ cell numbers per
cyst in fish: the tilapia (Oreochromis niloticus) model. Endocrinology 2002;143:970-8.

Mayer I, Borg B, Schulz R. Conversion of  11-ketoandrostenedione to 11-ketotestosterone
by blood cells of  six fish species. Gen Comp Endocrinol 1990;77:70-4.

Miura T, Miura C, Konda Y, Yamauchi K. Spermatogenesis-preventing substance in
Japanese eel. Development 2002;129:2689-97.

Miura T, Miura C, Ohta T, Nader MR, Todo T, Yamauchi K. Estradiol-17b stimulates the
renewal of  spermatogonial stem cells in males. Biochem Biophys Res Com
1999;264:230-4.

Miura T, Kawamura S, Miura C, Yamauchi K. Impaired spermatogenesis in the Japanese



67Schulz RW et al. - Spermatogenesis in Fish

eel, Anguilla japonica: Possibility for the existence of  factors that regulate entry of  germ
cells into meiosis. Dev Growth Differ 1997;39:685-91.

Miura T, Miura C, Yamauchi K, Nagahama Y. Human recombinant activin induces
proliferation of  spermatogonia in vitro in the Japanese eel Anguilla japonica. Fisheries
Sci 1995;63:434-7.

Miura T, Yamauchi K, Nagahama Y, Takahashi H. Induction of  spermatogenesis in male
Japanese eel, Anguilla japonica, by a single injection of human chorionic gonadotropin.
Zool Sci 1991a;8:63-73.

Miura T, Yamauchi K, Takahashi H, Nagahama Y. Hormonal induction of  all stages of
spermatogenesis in vitro in the male Japanese eel (Anguilla japonica). Proc Natl Acad Sci
USA 1991b;88:5774-8.

Miwa S, Yan L, Swanson P. Localization of  two gonadotropin receptors in the salmon
gonad by in vitro ligand autoradiography. Biol Reprod 1994;59:629-42.

O’Donnell L, Robertson KM, Jones ME, Simpson ER. Estrogen and spermatogenesis.
Endocrine Rev 2001;22:289-318.

Patiño R, Sullivan CV. Ovarian follicle growth, maturation, and ovulation in teleost fish.
Fish Physiol Biochem 2002;26(1):57-70.

Payne AH, Youngblood GL. Regulation of  expression of  steroidogenic enzymes in Leydig
cells. Biol Reprod 1995;52:217-25.

Planas JV, Swanson P. Maturation-associated changes in the response of  the salmon testis
to the steroidogenic actions of  gonadotropins (GTH I and GTH II) in vitro. Biol Reprod
1995;52:697-704.

Plant TM, Marshall GR. The functional significance of  FSH in spermatogenesis and the
control of  its secretion in male primates. Endocr Rev 2001;22:764-86.

Prat F, Sumpter JP, Tyler CR. Validation of  radioimmunoassays for two salmon
gonadotropins (GTH I and GTH II) and their plasma concentrations throughout the
reproductive cycle in male and female rainbow trout (Oncorhynchus mykiss). Biol Reprod
1996;54:1375-82.

Robertson KM, O’Donnell L, Jones MEE, Meachem SJ, Boon WC, Fisher CR, Graves
KH, McLachlan RI, Simpson ER. Impairment of  spermatogenesis in mice lacking a
functional aromatase (Cyp 19) gene. Proc Natl Acad Sci USA 1999;96:7986-91.

de Rooij DG, Russell LD. All you wanted to know about spermatogonia but were afraid
to ask. J Andrology 2000;21:776-98.

Russel LD, Ettlin RA, Sinha Hikim AP, Clegg ED. Histological and histopathological
evaluation of  the testis. Clearwater, Florida, USA: Cache River Press, 1990;1-37.

Schulz R, Blüm V. Steroid secretion of  rainbow trout testis in vitro: variation during the
reproductive cycle. Gen Comp Endocrinol 1990;80:189-98.

Sinha-Hikim APS, Rajavashisth TB, Hikim IS, Lue YH, Bonavera JJ, Leung A, Wang C, Swerdloff
RS. Significance of  apoptosis in the temporal and stage-specific loss of  germ cells in the
adult rat after gonadotropin deprivation. Biol Reprod 1997;57:1193-201.

Socorro S, Power DM, Olsson P-E, Canario AVM. Two estrogen receptors expressed in
the teleost fish, Sparus aurata: cDNA cloning, characterization and tissue distribution.
J Endocrinol 2000;166:293-306.

Sperry TS, Thomas P. Characterization of  two nuclear androgen receptors in Atlantic
croaker: Comparison of  their biochemical properties and binding specificities.
Endocrinology 1999;140:1602-11.

Sprando RL, Heidinger RC, Russell LD. Spermiogenesis in the bluegill (Lepomis macrochirus):
a study of cytoplasmic events including cell volume changes and cytoplasmic
elimination. J Morphol 1988;198:165-177.



68 ARBS Annu Rev Biomed Sci 2003; 5:57-68

Swanson P, Bernard M, Nozaki M, Suzuki K, Kawauchi H, Dickhoff  WW. Gonadotropins
I and II in juvenile coho salmon. Fish Physiol Biochem 1989;7:169-76.

Takeo J, Yamashita S. Rainbow trout androgen receptor-a fails to distinguish between any
of  the natural androgens tested in transactivation assay, not just 11-ketotestosterone
and testosterone. Gen Comp Endocrinol 2000;117:200-6.

Takeo J, Yamashita S. Two distinct isoforms of  cDNA encoding rainbow trout androgen
receptors. J Biol Chem 1999;274:5674-80.

Themmen APN, Kraaij R, Grootegoed JA. Regulation of  gonadotropin receptor gene
expression. Mol Cell Endocrinol 1994;100:15-19.

Uchida D, Yamashita M, Kitano T, Iguchi T. Oocyte apoptosis during the transition from
ovary-like tissue to testes during sex differentiation of  juvenile zebrafish. J. Exptl.
Biol. 2002;205:711-18.

Vilela DAR, Silva SGB, Peixoto MTD, Godinho HP, França LR. Spermatogenesis in teleost:
Insights from the Nile tilapia (Oreochromis niloticus) model. Fish Physiol Biochem in press.

Wu C, Patiño R, Davis KB, Chang X. Localization of  estrogen receptor a and b RNA in
germinal and nongerminal epithelia of  channel catfish testis. Gen Comp Endocrinol
2001;124:12-20.

Watanabe A, Onitake K. Changes in the distribution of  fibroblast growth factor in the
teleostean testis during spermatogenesis. J Exptl Zool 1995;272:475-83.

Yan LG, Swanson P, Dickhoff  WW. A two-receptor model for salmon gonadotropins
(GTH-I and GTH-II). Biol Reprod 1992;47:418-27.




